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Abstract: 
The body patterns of the multicellular organisms are determined during 
embryogenesis. They all have two basic body axes: the anteroposterior and the 
dorsoventral axes. Li Drosophila, one of anterior group genes bicoid is 
responsible for controlling the formation of anterior part of the body. Bicoid 
protein forms a concentration - dependent gradient along the anteroposterior 
axis and regulates the expression of zygotic genes. The correct formation ofthis 
gradient requires the localization of bicoid mRNA to the anterior pole of the 
embryo. Both trans- and cis - acting elements are required for this localization 
process. One of the genes that is essential for the localization process is 
exuperantia. The exuperantia protein is posttranslationally modified by 
phosphorylation and can be dephosphorylated by serine/threonine phosphatases. 
Recombinant exuperantia can serve as an in vitro substrates for three 
serine/threonine kinases: PKA, PKG and PKC. On the other hand, 
phosphorylation of the native exuperantia protein can be inhibited by three 
protein kinase specific inhibitors. These observations pave the way for 
identifying the exuperantia in vivo phosphorylation sites and for investigating 
the regulation of exuperantia functions by the different kinases. It is found that 
the phosphorylation of exuperantia is developmental stage - specific. Isoforms 
present in the previtellogenic stages will be phosphorylated by kinases such as 
PKG and PKC, whereas those in the vitellogenic stages will be phosphorylated 
by the PKA predominantly. Moreover, in PKA mutant, exuperantia protein is 
found to be hypophosphorylated and evenly distributed in the nurse cells as well 
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as in the oocyte, whereas punctate and polar distribution of exuperantia protein 
are observed in normal egg chambers. Thus, the role of exuperantia protein 
localization process is tightly regulated and localization of exuperantia protein is 
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C H A P T E R 1 General In t roduct ion 
1.1 Drosophila as a model for studying development 
An individual begins its life as a zygote (a fertilized egg cell), a 
morphologically simple structure without any recognizable similarity to the body of 
the bilateral adult organism with anteroposterior and dorsoventral axes (Nfusslein-
Volhard et al., 1987), as shown in Figure 1.1. A nearly uniform egg cell goes 
through many rounds of division (McGinnis and Kuziora, 1994) and develops into 
an animal with thousands of type of cells and these cells localize at their places 
properly P^Iusslein-Volhard, 1996). It depends on the their precise developmental 
program stored in the nucleotide sequences of the DNA. Structural genes have been 
identified that determine the molecular building blocks from which the organism is 
constructed. The developmental program has a precise spatial and temporal pattem 
of expression ofthese structural genes that forms the basis of development. Normal 
development needs the coordinate expression of thousands of structural genes in a 
concerted fashion because independent control of the individual structural genes 
will lead to chaotic development (Gehring, 1987). 
Drosophila embryos provide a number of unique advantages for studies of 
the genetic control ofthe molecular events underlying early development. There are 
several reasons. Firstly, the stages ofboth oogenesis and embryogenesis are clearly 
defined and the genes that regulate early development have been studied 
extensively (Ingham, 1988; St. Johnston and Nusslein-Volhard, 1992). Secondly, 
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Figure 1.1 The basic body plans of animals. 
Among various classes of bilateral animals including vertebrates and 
invertebrate, all of them have formed two fundamental body axes at 
embryonic stage, the anteroposterior axis and the dorsoventral axis (Adapted 
from McGinnis and Kuziora, 1994). 
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the localized RNAs involved in establishing oocyte polarity have been identified 
(Berleth et al, 1988a; Ephrussi et al., 1991; Haenlin et al., 1987; Kim-Ha et al., 
1991;Lantze/ al, 1991; Suter et aL, 1989). 
Thirdly, it is possible to obtain large numbers of oocytes and embryos at 
specific developmental stages for biochemical analysis. Moreover, the existence of 
mutants defective in RNA localization allows the analysis of molecular interactions 
required for RNA localization (Pokrywka and Stephenson, 1995; St. Johnston, 
1995). Finally, macromolecules synthesized during oogenesis can be labeled by 
injecting female flies with radioactive precursors, while those synthesized during 
embryogenesis can be labeled by rendering embryos permeable to exogenous 
precursors (Anderson and Lengyel, 1981). 
1.2 The formation of the body axes of Drosophila 
In Drosophila, the two body axes are established by asymmetric localization 
of signals in the embryos. Messenger RNA (mRNA) of the anterior determinant, 
bicoid mRNA, and the posterior determinant, nanos, are localized to two opposing 
poles ofthe embryo to define the anteroposterior axis, as shown in Figure 1.2. For 
determination of the dorsoventral axis, a ventral signal is produced at the ventral 
perivitelline space to provide polarity for the axis. Establishment of the two body 
axes was once thought to be initiated independently (St. Johnston and Nusslein-
Volhard, 1992), but it is now considered to originate initially from a single 
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Figure 1.2 Body axis formation by asymmetrical localized signals in the 
Drosophila embryo. 
The formation of the two body axes are established by asymmetric 
localization of the two determinants and originate initially from a single 
signaling pathway. 
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both the germ cell and somatic cells of the egg chambers (Anderson, 1995; 
Lehmann, 1995). 
1.2.1 Oogenesis 
The Drosophila female has a pair of ovaries, each of which contains 13 to 
17 ovarioles. The ovariole has a germarium and a vitellarium. The germarium is an 
assembly line for new egg chambers and has been divided into three regions by 
Koch and King (King, 1970)，termed regions 1 to 3 from anterior to posterior. In 
the germarium, the three major cell types are differentiated into oocyte, nurse cells 
and follicle cells, as shown in Figure 1.3. 
The mitotic divisions that give rise to the formation of the 16-cell cluster 
take place in the germarial region 1. In the anterior part of the germarial region 2 
(region 2A), molecular differences such as oocyte-specif!c localization of mRNAs 
start to become apparent between the oocyte and the nurse cells. In the posterior 
part of germarial region 2 (region 2B), the somatic follicle cells start to invaginate 
and to surround each cluster, a process that gives rise to the stage 1 egg chamber in 
the germarial region 3 (King, 1970). 
The follicle cells are mesodermal derivative and envelop the maturing, pre-
fertilized egg chamber in the early vitellarial stage. Six to ten specialized follicle 
cells, termed the border cells, undergo a dramatic and stereotypic migration at stage 
9 during oogenesis and different follicle cell fates can be assigned, since migration 
has been postulated to be necessary for border cells to carry out a specific role in 
eggshell production (Montell et al., 1992). Two pairs of ‘polar follicle cells' located 
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Figure 1.3 Formation of developing eggs from the germarium. 
A. Oogenesis begins in region 1，with the division of a germline stem cell (S) 
to produce a cystoblast (Cb) and regenerate a stem cell. The cystoblast then 
divides by four synchronous cell divisions (Ml-M4) with incomplete 
cytokinesis into a 16-cell cyst in which cells are interconnected with actin-
rich ring cahals. One of the two cells (the black ones) with four ring canals 
adopts the cell fate of oocyte and takes a posterior position within the egg 
chamber. B. The oocyte is developed into a mature egg in a process called 
oogenesis which can be divided into different stages (King, 1970; Mahowald 
and Kambysellis, 1980; Spradling, 1993). Mature eggs are fertilized and 
hatched as embryos at the end of oogenesis (Adapted from Cooley and 
Theurkarf, 1994). 
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at the most anterior and posterior poles of the egg chamber. The anteriormost 
oocyte-associated follicle cells move inward centripetally between the nurse cells 
and the oocyte. This centripetal cells eventually join the border cells at the anterior 
end, and the ‘main body follicle cells' that covered the oocyte (Rongo and 
Lehmann, 1996). Both the polar follicle cells and centripetal cells express a gene 
called slow border cells and eventually collaborate to produce a hollow cone, the 
micropyle, for the entrance of sperms at fertilization (Montell et al., 1992). 
The functions of follicle cells are to produce and secrete vitelline membrane 
components and eggshell proteins, as well as some yolk proteins (King, 1970). 
Furthermore, the follicle cells are involved in intercellular signaling processes 
between themselves and adjacent regions of the oocyte which underlie 
anteroposterior and dorsoventral pattem specification (Roth et aL, 1995). 
Both the oocyte and the nurse cells are the germ line cells, which are 
derived from oogonic stem cells. In each germarium, there are two oogonic stem 
cells, each will form a cystoblast and a daughter stem cell (from which a new 
daughter stem cell and a new cystoblast will arise), as shown in Figure 1.3. The 
cystoblast has a special cytoplasmic structure called spectrosome, which contains 
components of the sub-membrane cytoskeleton. At the first division of cystoblast, 
spectrosome is inherited by only one of the two daughter cells. The spectrosome 
grows from this cystocyte into the other cells to form a branched structure called the 
fiisome，as shown in Figure 1.4，which interacts with one spindle pole at each 
division. At the completion of each division, newly formed segments of fusome 
merge with materials from the previous mitosis. This asymmetric inheritance of the 
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Figure 1.4 Microtubules and the fusome in germarium 
In regions 2 and 3 ofthe germarium, a microtubule organizing center (MTOC) forms in 
the oocyte, with microtubules extending into the nurse ceUs. A. Regions 3 cyst stained 
with tubuHn antibodies and a fluorescent secondary antibody. B. Diagram of the cyst in 
A，showing the position of the oocyte. A, anterior; P, posterior. The fusome forms 
during the germline mitotic divisions. The anchoring of one pole of each mitotic spindle 
in the fusome. C. is involved with orienting the division plant. The fusome can be seen 
by staining germarium with antibodies to spectrin. In D, staining with antibodies reveals 
the fusomes and the foUicle ceU membranes. The fusome begins to disappear when the 
mitoses are complete and is very faint by region 3 (Adapted from Cooley and 
Theurkarf，1994). 
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spectrosome determines which of the two daughter cells will give rise to the cell 
that become oocyte (Cooley and Theurkauf, 1994). It has been proposed that the 
root of Ae fusome defines the cystocyte that will go on to become the oocyte and 
that the branched structure acts as a template for a polarized transport mechanism 
directed towards the oocyte (Lin and Spradling, 1995). 
A polarized microtubule network forms towards the end of the germarial 
stages, before the disappearance of the fusome. This microtubule network is 
originated by microtubule organizing center (MTOC) at the posterior of the pro-
oocyte and extends through the ring canals to all the nurse cells. MTOC will be 
developed in the oocyte only (Theurkauf et al., 1993; Theurkauf et aL, 1992). The 
cystoblast passes through three successive stages into formation of cyst. Each cyst 
undergoes four consecutive mitotic divisions to form 16 progeny cells. These 
divisions are characterized by incomplete cytokineses, therefore these 16 progeny 
cells are connected through ring canals (Mahowald and Kambysellis, 1980). 
One ofthe 16 stem cells will become the oocyte and the rest will become 
nurse cells, which become large and polyploid in the vitellarium while the oocyte 
divides meiotically. Although the oocyte is translationally active，it is 
transcriptionally inactive throughout most of oogenesis (King and Burnett，1959). 
While the remaining nurse cells are synthetically active (Telfer, 1975) and provide 
the cytoplasmic components, including a number of mRNAs that accumulate 
specifically in the oocyte, to the oocyte for supporting its growth (Dalby and 
Glover, 1992; Ephrussi etal., 1991;Kim-Ha et al., 1991; Suter and Steward, 1991). 
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The vitellarium has a series of progressively older egg chambers in various 
developmental stages, as shown in Figure 1.5. King (1970) numbered the 
developmental intermediates of the vitellarium from stage 1 (which is the same as 
the germarial region 3) to stage 14. Stages 1 - 7 is composed of the developmental 
period before the uptake of yolk by the oocyte, and can be collectively termed the 
previtellogenic period of oogenesis. Early previtellogenic egg chambers are 
virtually spherical and are composed of a single outer layer of follicle cells 
surrounding the interconnected 15 nurse cell-one oocyte germ line complex. During 
this period the oocyte and the nurse cells are of similar size to each other (King, 
1970). 
As the oocyte grows from pro-oocyte, MTOC located at the posterior end of 
the oocyte extends microtubules into the nurse cells (Cooley and Theurkauf, 1994; 
St. Johnston, 1995; Theurkaufe^ al, 1993; Theurkaufe/ al., 1992). During the early 
stages of oogenesis, there is selective slow transport of oogenelles, proteins and 
specific RNAs from the nurse cells to the oocyte. This is thought to be microtubule 
dependent, as both oocyte growth and RNA transported can be disrupted by agents 
that promote microtubule disassembly. The transport is presumably via minus end-
directed motors (Theurkauf et al., 1993). 
The rest of stages are termed vitellogenic period of oogenesis. During stages 
8 - 10, the oocyte uptakes the yolk proteins, which are produced in the fat body and 
follide cells. During stage 9, the majority of follicle cells migrate over the surface 
ofthe egg chamber, leaving a few follicle cells over the nurse cells. A small group 
of follicle cells, termed border cells, pass through the nurse cell junctions to arrive 
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Figure 1.5 Fourteen stages in Drosophila oogenesis. 
In germarium, the stem ceU progeny undergo four rounds of mitosis. One of 16 ceUs is 
specified to become the oocyte, while the remaining ceUs become nurse ceUs. As 
oogenesis proceeds, the oocyte grows and the nurse ceUs transport their content into the 
oocyte. At the end of oogenesis, the nurse degenerate, while the foUicle ceUs secrete the 
viteUine membrane and the chorion. 
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at the anterior end of the oocyte. Follicle cells at the posterior end of the oocyte 
develop a posterior cell fate, which induces the function of gurken in the oocyte and 
epidermal growth factor receptor {Torpedo) in the follicle cell layer. The 
transforming growth factor a (TGFa) homolog, gurken, and the epidermal growth 
factor receptor homolog, DER/top, are thought to provide the signal information 
(Anderson, 1995; Gonzalez-Reyes etal., 1995; Lehmann, 1995; Roth et aL, 1995). 
During early stages, the gurken mRNA accumulates between the oocyte 
nucleus and the posterior pole, and the synthesis of gurken protein is thought to 
activate the DER/top receptor tyrosine kinase in the follicle cells which in tum 
leads to the expression of the posterior polar follicle marker (Schupbach and Roth, 
1994). The two posterior polar follicle cells then signal back to the oocyte to 
reorganize the polarity of microtubules. At mid-oogenesis, there is a reorganization 
of polarity of microtubules in which the posterior MTOC degenerates and 
microtubules nucleate at the anterior pole of the oocyte. Recent evidence showed 
that protein kinase A (PKA) in the oocyte is a likely candidate to receive this signal 
from the follicle cells. In PKA null mutant, DCO, failure in reorientation of the 
polarity ofmicrotubules caused mislocalization of the matemal determinants bicoid 
and oskar mRNAs (Lane and Kalderon, 1993; Lane and Kalderon, 1994). 
At stage 10，the follicle cells secrete a vitelline membrane around the 
oocyte. The nurse cells contract and force their contents to the oocyte. From stages 
11 - 14, follicle cells migrate completely and are marked by the completion ofthe 
eggshell along with micropyle, the entrance of the sperm, and dorsal appendages. 
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The nurse cells and follicle cells degenerate and die during this period (Cooley and 
Theurkauf，1994). 
The reorganization of microtubules is essential for both anteroposterior and 
dorsoventral axes formation. In PKA null mutants, anterior determinant, bicoid, and 
posterior determinant, oskar (Ephrussi et al., 1991; Frohnhofer and Nusslein-
Volhard, 1986; Frohnhofer and Nusslein-Volhard, 1987; Kim-Ha et al., 1991; 
Lehmann and Nusslein-Volhard, 1986; Lehmann and Nusslein-Volhard, 1987; 
Schupbach and Wieschaus, 1986a), were mislocalized as a result of failure of 
reorientation of the polarity of microtubules. On the other hand, in dorsoventral 
axis, the oocyte nucleus seems to be always associated with the minus end of the 
microtubules (Cooley and Theurkauf, 1994) and moves from the posterior to the 
anterior cortex of the oocyte during the reorientation of polarity microtubules 
(Gonzalez-Reyes et aL, 1995; Roth et al., 1995). The gurken mRNA, which 
remains associated with the oocyte nucleus, moves together with the oocyte nucleus 
to the future dorsoanterior comer of the oocyte and thus defines the dorsoventral 
axis (Schupbach and Roth, 1994). The mechanism was thought to involve in the 
synthesis of gurken protein which activates the DER/top receptor in the overlying 
dorsal follicle cells. These dorsal follicle cells take a dorsal cell fates and this in 
turn defines the ventral follicle cells fates. The dorsoventral polarity is established 
by the activation of the Toll receptor in the ventral oocyte membrane through the 
signal provided from the ventral follicle cells (Morisato and Anderson, 1995), as 
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Figure 1.6 A model for the initiation of establishment of the two body 
axes by one single signal. 
A. The gurken mRNA is associated with the nucleus which locates at the 
posterior pole of the oocyte at stages 3 - 6. Its expression induces the follicle 
cells to adopt posterior cell fates. B. The two posterior polar follicle cells then 
signal back to induce the reorganization of microtubules within the oocyte. C. 
The nucleus as well as the gurken mRNA move along the cortex toward the 
anterior in response to the repolarization of the microtubules. D. Once the 
nucleus reaches the anterior comer of the oocyte, gurken signals the overlying 
follicle cells to adopt dorsal cell fates. Thus the formation two body axes can 
be initiated by one single signal (Adapted from Anderson, 1995). 
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1.2.2 Embryogenesis 
Mature eggs are ovulated one at a time and transport into the uterus. Sperm 
stored in seminal recepticles fertilizes the egg in the uterus through the micropylar 
apparatus. The first meiotic division has begun when fertilization and ovulation 
occur in progress. The egg of Drosophila is about 400 ^m long and about 160 jiun 
in diameter. The egg has a series of nuclear divisions without cell division which 
creates a syncytium. Each nuclear division takes about eight minutes. The first nine 
divisions generate a cloud of nuclei, most of them migrate from the middle of the 
egg toward the surface. The nuclei form a monolayer called syncytial blastoderm 
(Alberts etal.’ 1994). 
Plasma membrane invaginates from the egg surface to enclose each nucleus 
after three hours of fertilization. At this time, cellularization occurs, the nuclei are 
surrounded by a plasma membrane. As a result, cellular blastoderm is formed and 
contains about 6,000 individual cells, knmediately after cellularization, the ventral 
fUrrow begins to form and marks the beginning of gastrulation. A small subset of 
nuclei at the extreme posterior end of the egg are separated into cells a few cycles 
earlier; these nuclei will form pole cells and will give rise to eggs or sperm (Alberts 
etal., 1994). 
At the cellular blastodermic stage, the transcription ofDNA is blocked, such 
that the development depends on stocks of matemal mRNA and protein that are 
accumulated in the egg before fertilization. After cellularization, cell division 
continues at a slower rate, but the rate of transcription increases dramatically. 
Gastrulation follows as soon as cellularization is completed. Endodermal cells grow 
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inward into the interior to form the gut extending along the axis of embryo. 
Mesoderm surrounds the gut rudiment and acts as an enveloping layer of ectoderm 
on the exterior. The nerve cord cells run the length of the body derived from part of 
the ectoderm. A subset of cells in this neurogenic ectoderm will detach from their 
epithelial sheet and move into the interior of embryo as a neuronal precursors. As 
gastrulation nears completion, a series of indentations and bulges appear on the 
surface of the embryo; parasegments are formed along its anteroposterior axis 
(Alberts et al., 1994)，as shown in Figure 1.7. 
1.2.3 Segmentation 
In Drosophila, all segments are determined at the syncytial blastoderm 
stage, before cellularization. Syncytial blastoderm allows the transcription factors to 
diffuse freely between adjacent nuclei and to exert their function by forming 
diffusion-controlled gradients (Sander, 1976). 
Segmentation in Drosophila embryo is a hierarchical process that gradually 
divides the embryo into increasingly finer subsets of cells (Akam, 1987; Ingham, 
1988). There are three groups of segmentation genes classified by their mutant 
phenotypes and the stages at which they act O^^usslein-Volhard et al., 1987; St. 
Johnston and Nusslein-Volhard, 1992). The first one is gap genes. At least six gap 
gene products mark out the coarsest subdivisions of the embryo. Mutations in a gap 
gene eliminate one or more groups of adjacent segments, and mutations in different 
gap genes cause different but partially overlapping defects (Alberts et al., 1994). 
Gap genes constitute a linking of the matemal information stored in the egg with 
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Figure 1.7 The origin of the Drosophila body segments during embryonic 
development 
The embryos are seen in the side view in drawing (A - C) and the corresponding 
scanning electron micrographs (D - F). A and D, the embtyo is at the syncytial 
bkstoderm. B and E, the embryo is at the extended germ band stage, gastrulation has 
occurred. C and F, aU segments are clearly defined (Adapted from Alberts ed aL, 
1994). 
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the spatially coordinated zygotic expression of the members of the other classes of 
segmentation genes. The gap genes includes hunchback, Kruppel and knirps, which 
are first expressed at syncytial blastoderm. Mutations at the gap loci cause deletions 
of adjacent segments in the anterior (hunchback), middle (KruppeP) and posterior 
(knirps) region of the embryo (Dalton and Treisman, 1992). 
The primary gap genes respond directly to the maternally provided 
positional information and then，together with maternally encoded components, 
direct the expression of the secondary gap genes (Hulskamp and Tautz, 1991). The 
anterior of the embryo, the hunchback gene acts as a primary gap gene, as it 
responds directly to the gradient of maternally encoded bicoid transcription factor 
(Lehmann and Nusslein-Volhard, 1987). Li posterior of the embryo, where it is 
expressed in a stripe pattem, hunchback acts as a secondary gap gene, as it responds 
to the primary gap genes tailless and huckebein (Lehmann and Nusslein-Volhard, 
1987). 
Proper expression of hunchback and the head gap genes requires synergistic 
activation by hunchback and bicoid. It is the combined activity of bicoid and 
hunchback, not just bicoid alone, that forms the morphogenetic gradient that 
specifies polarity along the embryonic axis and patterns of the embryo (Dalton and 
Treisman, 1992). The bicoid protein concentration gradient guides the creation ofa 
series of discrete body segments. In addition to the hunchback gene, bicoid also 
activates other zygotic genes in embryo. The examples include gap genes such as 
Kruppel (Hoch, 1990)，knirps (Rivera-Pomar et al., 1995)，orthodenticle 
(Finkelstein and Perimon, 1990) and buttonhead{CohQn and Jurgens, 1990). 
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The second set of segmentation genes is pair-rule genes. The matemal and 
gap gene products activate expression of eight pair-rule genes just before the 
cellular blastoderm stage and form seven stripes, mutations in these cause a series 
of deletions affecting alternate segments, leaving the embryo with only half as 
many segments as usual. For example, even-skipped mutant, which is activated by 
bicoid protein, lacks even-numbered parasegments and fushi tarazu mutants lack 
odd-numbered parasegments (Dalton and Treisman, 1992). 
After cellularization, the gap gene products are used to establish expression 
of the segment-polarity genes. Mutations in these genes produce larvae with a 
normal number of segments but with a part of each segment deleted and replaced by 
a mirror image of the adjacent anterior half-segment. They include gooseberry, 
engrailed and wingless. For instance, gooseberry and engrailed mutants have the 
posterior part ofeach segment replaced by the anterior part of the adjacent segment. 
The expression of segment-polarity genes forms fourteen stripes and leads to 
formation of the 14 parasegments. The segment-polarity genes affect the 
anteroposterior polarity of the segments. The expression of different segment-
polarity genes subdivides each parasegment into anterior, middle and posterior 
regions (Dalton and Treisman, 1992). 
The final set of genes, homeotic selector genes, defines and preserves the 
differences between one parasegment and the next (Alberts et aL, 1994). They can 
be divided into two groups: hithorax and Antennapedia complex, each of which 
contains several genes with similar flinction. Bithorax complex controls differences 
among the abdominal and thoracic segments, for example, mutation in bithorax 
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causes transformation of the metathorax into a supernumerary mesothorax, with a 
pair of wings in place of the halteres which are found on a metathorax. 
Antennapedia complex controls differences among the thoracic and head segments. 
For instance, mutation in Antennapedia causes antennae to be replaced by legs. The 
gene products of homeotic selector genes consist of DNA-binding transcriptional 
regulatory proteins. The DNA-binding portion is called homeobox, which contains 
60 amino acids. The homeobox genes are often found to be arranged in complexes 
that are similar to the gene clusters. The hierarchy expression of different cascades 
of genes to refine the body pattem (McGinnis and Kuziora, 1994) is shown in 
Figure 1.8. 
1.2.4 Life cycle 
The period of embryonic development starts at fertilization and the embryo 
takes about one day to hatch out of the egg shell to become a larva (St. Johnston 
and Nusslein-Volhard, 1992). The larva then passes through three stages, separated 
by molts in which it sheds its old cuticle and lays down a larger one. At the end of 
the third stage, it becomes a pupa. An adult emerges about nine days after 
fertilization. The adult has a head, three thoracic segments ( T1 - T3 )，and nine 
abdominal segments ( A1 - A9 )• Each segment is different from each others, but 
they are formed by a similar plan. At the two ends of the fly, there are highly 
specialized terminal structures, acron and telson, which are not segmentally derived 
(Alberts et al., 1994). The body axes of Drosophila, anteroposterior and 
dorsoventral, have been formed at the embryos; such embryonic asymmetry is 
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Figure 1.8 The hierarchy expression of different cascades of genes 
to refine the body pattern (Adapted from Gilbert, 1994), 
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established by matemal genes deposited in the early oocyte (St. Johnston and 
Nusslein-Volhard, 1992). 
1.3 Egg-polarity genes are essential for development 
The egg is a highly structured chamber. There are two sets of egg-polarity 
genes to specify the two main axes of the embryo, as shown in Table 1.1，the 
anteroposterior and dorsoventral, so its RNA, DNA and proteins do not roam 
freely, but rather are directed and controlled. These genes define the spatial 
coordinates of the embryo by setting up morphogen gradients in the egg. The 
anteroposterior group genes can be divided into three classes according to their 
mutant phenotypes. Firstly, the anterior group (5 genes) govems the head and 
thorax of anterior region. The mRNA of anterior polarity determinant is bicoid 
mRNA, which localizes to the anterior tip of the egg. After fertilization, bicoid 
mRNA is translated and acts as transcription factor to activate and repress genes 
along the anteroposterior axis of the embryo. Secondly, the posterior group (12 
genes) govems the abdomen and posterior pole. Posterior pole is determined by 
localization ofoskar protein and nanos mRNA and formation ofpole plasm. Lastly, 
the terminal group (7 genes) govems the two nonsegmental extreme ends, acron 
and telson, of the embryo. They are formed by activation of the receptor Torso at 
both the anterior and posterior poles of the zygote after fertilization. The terminal 
system involves feedback between follicle cells and the egg. 
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Table 1.1 Maternal genes essential for body axis formation 








Posterior systems genes (12) Dorsal systems genes (7) 
Bruno hag of marbles 
cappuccino Bicaudal-D 





pumilio Hu-li tai shao 
spire ovo 
staufen Protein kinase A 
tudor alpha Spectrin 
• a B1 tubulin 
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A total of 12 dorsoventral egg-polarity gene are identified. All have the loss-
of-function mutant phenotype, in which the embryo is dorsalized, but all cells take 
on a dorsal character, so that the normal ventral structures fail to form. The dorsal 
system program is initiated in the middle of the oogenesis. The dorsalization relies 
on the specified activation of the receptor Toll in the ventral side ofthe embryo. 
1.4 Maternal gene bicoid is required for formation of anterior 
structures in the embryo 
1.4.1 Phenotypes ofbicoid' mutant 
By genetic screening, it was found that bicoid mRNA is the anterior 
determinant. There are totally eleven bicoid alleles and all bicoid alleles are 
matemal. Embryos from strong mutant alleles are completely lack of head and 
thorax; they have a second telson instead of the anterior end. Furthermore, deletions 
and fusions of segments are found in the anterior abdominal region. Jn some cases, 
abdominal segments are duplicated at the anterior end with inversed polarity. The 
weakest allele defect has only been observed in the anterior head region. With 
increasing allelic strength, the entire head region, then the thorax are affected 
(Frohnhofer and Nusslein-Volhard, 1986), as shown in Figure 1.9. 
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Figure 1.9 The phenotype oibicoid, 
A. Wild type. The weakest bicoid aUeles lack only labral derivatives. B. Weak 
intermediate phenotype. The entire head is reduced; thoracic and abdominal segmentations 
is normal. C. Strong intermediate phenotype. The head is further reduced and the thorax is 
affected. D. Strong bcioid phenotype. Head and thorax are lacking altogether. The 
anterior abdomen shows segment defects and fusions (Adapted from Frohnhofer and 
Nusslein-VoMrd, 1986). 
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1.4.2 Transplantation experiment 
Cytoplasm from the wild type embryos transplanted in strong mutant 
embryos, can restore the bicoid function. The efficiency of phenotypic rescue 
decreases with increasing age of both donors and recipients (Frohnhofer and 
Nusslein-Volhard, 1986). Moreover, an increase in the bicoid gene dosage produces 
complementary shifts in both protein gradient and the fate map (Driever and 
Nusslein-Volhard, 1988a). Other than that, anterior structures can be induced by 
injecting bicoict activity at any position along the anteroposterior axis. The 
anterior structures are formed near the injection site (Driever and Nusslein-Volhard, 
1988a; Driever and Nusslein-Volhard, 1989; Frohnhofer and Nusslein-Volhard, 
1986; Ma et al., 1996). These experiments showed that bicoid mRNA was by itself 
sufficient to determine polarity O^usslein-Volhard, 1996). 
1.4.3 Establishment of an anterior to posterior bicoid protein gradient 
In somatic cells, mRNA localization is important for the targeting of 
proteins to regions of the cell where their specialized function is required. The 
subcellular mRNA localization is a way for a developing organism to partition or 
create gradients of morphogens. For example, actin mRNA is localized to the 
leading edge of motile chicken fibroblast lamellopodia where newly synthesis of 
actin protein is required to maintain cell polarity (Lawrence and Singer, 1986), and 
to the apical end of mouse epithelial cells where a high concentration of actin may 
drive filament formation. Another example is in vertebrate egg, Vgl mRNA, a 
matemal mRNA found in the vegetal hemisphere of Xenopus laevis, is evenly 
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distributed in young oocytes but is translocated later, during the vitellogenic phase 
of oogenesis, to the vegetal hemisphere in mature oocytes and unfertilized eggs 
(Melton,, 1987). After fertilization, Vgl mRNA, and ultimately Vgl protein, are 
inherited preferentially by the vegatal blastomeres. The ability of synthetic Vgl 
mRNA to localize after injection rules out the possible models for Vgl mRNA 
localization and suggests that there are signals contained within the Vgl mRNA 
mediating its localization (Yisraeli and Melton, 1988). 
Anterior localization of the bicoid mRNA leads to the formation of an 
anteroposterior concentration gradient of the bicoid protein in the developing 
embryo (Driever and Nusslein-Volhard, 1988a; Driever and Nusslein-Volhard, 
1988b). This concentration gradient of bicoid protein is necessary for the initiation 
of a cascade of zygotic gene expression and the spatial and temporal patterns of 
which underlie formation of the anteroposterior segmentation pattem ofthe embryo 
(Akam, 1987; Frohnhofer and Nusslein-Volhard, 1987; higham, 1988; Tautz, 
1988). 
1.4.4 Localization step of bicoid mRNA 
In the ovary, bicoid mRNA is first detected in late previtellogenic stages 5 -
6 accumulating in a posterior germ cell cluster. As the oocyte grows larger than the 
rest of fifteen nurse cells, very little bicoid mRNA can be detected in the nurse 
cells，and it forms a ring around the anterior margin ofthe developing oocyte. This 
ring increases in size as the follicle grows. During stages 9 - lOa, large amounts of 
bicoid mRNA accumulate in the peripheral region adjacent to each nurse cell. The 
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localization of bicoid mRNA within the nurse cells gradually disappears when the 
nurse cells transfer their content to the oocyte by cytoplasmic streaming and 
contract at the following stages. At stage 12, bicoid mRNA is localized ventrally, 
while in the early embryo bicoid mRNA is concentrated dorsally although as stages 
13 - 14，the follicle cells secrete the chorion which prevents the entry of the probe 
into the oocyte, so it is unable to analyze the localization of bicoid mRNA. After 
the egg is laid, bicoid mRNA is relocalized at the dorsoanterior position (St. 
Johnston et al., 1989)，as shown in Figure 1.10. 
1.4.5 Formation of bicoid protein gradient 
Although bicoid mRNA is already present during oogenesis (Berleth et al., 
1988a; Frigerio et aL, 1986), bicoid protein is not detected at any stage during 
oogenesis. This means that the translation of bicoid mRNA is blocked during 
oogenesis (Lieberfarb et al., 1996). Bicoid mRNA is localized at the anterior tip of 
the embryo (80%-100% egg length) and is barely detectable at positions posterior to 
70% egg length. In contrast, bicoid protein concentration reached the limit of 
detection at about 30% egg length. 
The simple mechanism for the formation of the bicoid protein concentration 
gradient is diffusion starting from the local mRNA source, and degradation 
throughout the embryo. A balance between the rates ofZ^/co/t/mRNA translation, of 
diffusion, and of dispersed proteolytic degradation will generate a relatively stable, 
nonlinear, graded distribution of the bicoid protein. In unfertilized eggs 
establishment ofthe bicoid protein gradient proceeds in a normal fashion. However, 
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Figure 1.10 Four phases of localization of bicoid (bcd) mRNA. 
The four phases of localization can be disrupted in several matemal mutants, 
exuperantia (exu), swallow {sww), and staufen (stau), and thus the three genes 
are involved in localization of bcd mRNA in a stepwise manner (Adapted 
from St Johnston et al., 1989). 
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the levels of bicoid protein exceed the ones in fertilized eggs at about 2 to 4 hours 
after egg deposition. It has been suggested that either the bicoid mRNA or the 
protein is more stable in unfertilized eggs. The fertilization process is not essential 
for the onset of bicoid translation. However, it is found that zygotic translation of 
hicoid mRNA follows rapidly upon fertilization (Driever and Nusslein-Volhard, 
1988b). The predicted molecular mass of the bicoid gene product is 53.9 kD. The 
bicoid protein is differentially phosphorylated during development (Driever and 
Nusslein-Volhard, 1989). It is possible that the phosphate groups may substitute for 
acidic amino acids by providing equivalent negative surface charge (Lech et al., 
1988; Sorger and Pelham, 1988). Moreover, it contains several PEST sequences, 
which are present in proteins of short half-life and are thought to be signals for 
degradation (Rechsteiner et al., 1987; Roger et al., 1986). 
Bicoid protein is already distributed in a concentration gradient with a 
maximum at the anterior tip at the time of pole cell formation. The total bicoid 
protein level increases slightly until the onset of cellularization. It declines slowly 
during cellularization and then more rapidly during gastrulation and is not 
associated with distinct subnuclear structures during interphase (Driever and 
Nusslein-Volhard, 1988b). Transition from matemal to zygotic conditions requires 
an increase in polyadenlyation in the bicoid mRNA. The successftil translation of 
mRNA into proteins requires polyadenylation, attaching adenly residues to the 3, 
end ofbicoid mRNA, which stabilize and prepare it for translation. A major cellular 
mechanism for the maintenance for inactive mRNA in the oocyte is the lack of 
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adenly residues. Bicoid mRNA translation is posttranscriptionally regulated by 
nanos protein (Lieberfarb e/ al., 1996). 
1.4.6 The bicoid protein gradient regulates the downstream zygotic target 
genes in a concentration-dependent manner 
1.4.6.1 Bicoid protein acts as transcriptional regulators 
The 489 amino acid bicoid protein contains (Berleth et al., 1988) two 
functional domains (Driever et al., 1989a; Struhl et al., 1989). The amino-terminal 
portion with residues 1-246 (Driever et al., 1989a) including the homeodomain 
(residues 92-151), is a conserved protein domain responsible for specific DNA 
binding (Hanes and Brent, 1989). The carboxy-terminal portion with residues 247-
489 provides most of transcriptional activating function (Driever et al., 1989a). 
1.4.6.2 Bicoid protein acts as transcriptional activator 
Bicoid protein carries out its function by differentially directing the 
patterned expression of the first zygotic gap genes in the anterior of embryo 
(Driever and Nusslein-Volhard, 1988a). The promoters ofthese gap genes respond 
to the concentration gradient of bicoid protein through bicoid-binding sites with 
different affinities (Driever and Nusslein-Volhard, 1989; Struhl et al., 1989). The 
role of bicoid protein works as a molecular morphogen in the embryo, it can be 
illustrated by that the bicoid protein gradient directs hunchback gene expression in 
an all-or-non fashion. Hunchback gene, which encodes a protein with six zinc 
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finger motifs that is typical of a class ofDNA-binding proteins (Tautz et al., 1987), 
is required for the development of the thorax and part of the head. It is functional 
conserved with flour beetle, Tribolium (Wolff et al., 1995). The matemal 
hunchback mRNA accumulation becomes graded during early cleavage stages, 
which forms a concentration gradient along the anteroposterior axis. At blastoderm 
stage, hunchback protein is expressed in a larger anterior domain and a narrow 
posterior domain (Margolis et al., 1995; Tautz et al., 1987). While zygotic 
hunchback expression in the anterior domain is very brief and undergoes several 
modulations which lead to a transient striped pattern, it can be due to interaction 
with other segmentation genes (Tautz et al.’ 1987). Recently, it was found that 
accumulation of hunchback transcripts in the posterior of the embryo occurs in the 
two phases (Margolis et al., 1995). 
Bicoid protein gradient activates zygotic hunchback expression in the 
anterior of the embryo directly, leading to a subdivision of the embryo into an 
anterior half expressing zygotically provided hunchback protein and a posterior half 
that does not (Driever and Nusslein-Volhard, 1989). More recently, it was found 
that bicoid protein bound cooperatively not only to different numbers of sites in a 
hunchback enhancer element but also to sites that were separated by different 
spacing and orientation, suggesting an adaptability of bicoid protein to form 
appropriate complexes on DNA. A less than 4-fold increase in bicoid protein 
concentration was sufficient to achieve an unboundylDound transition in DNA 
binding (Ma et al, 1996). 
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A similar effect on maternally provided hunchback protein is caused by 
nanos protein, which represses the translation of maternally provided transcripts in 
the posterior half OHulskamp et aL, 1990; Irish et aL, 1989). Unlike bicoid protein, 
which positively specifies anterior cell fates, the posterior genes are involved in 
negative control of matemal hunchback mRNA by degrading it in the posterior 
region of the embryo and/or by preventing its translation there. This prevents these 
cells from taking anterior identities in response to hunchback and enables posterior 
(abdominal) fates to be adopted. It is not nanos protein itself that binds to nanos 
response element of hunchback mRNA, but rather another protein, pumilio, that 
apparently recruits nanos protein into multiprotein-RNA complex (Murata and 
Wharton, 1995). 
Hunchback protein is expressed as a gradient under the joint controls of 
bicoid and nanos. Hunchback acts both to activate anterior gap gene function as a 
co-activator with bicoid, and to shift the effective morphogenetic activity of bicoid 
toward the posterior, thus extending the effective range of bicoid. Hunchback can 
operate both as anterior and posterior gap genes by providing several distinct 
thresholds that govem the domains of expression of the gap genes (Driever and 
Nusslein-Volhard, 1989; Hulskamp et aL, 1994; Struhl et al., 1992). The main role 
of hunchback is as a repressor of posterior gap gene expression in the anterior 
(Struhl et al., 1992). Kruppel expression in the middle of the embryo is regulated 
by hunchback. Knirps and giant are expressed in the posterior, but these genes are 
repressed in the anterior by hunchback (Hulskamp et al, 1990; Small et al., 1991; 
Tautz, 1988). 
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1.4.6.3 Bicoid protein acts as translational repressor 
More recently, bicoid protein was shown to be able to bind to RNA and act 
as a translational repressor (Duhnau and Struhi, 1996; Rivera-Pomar et al., 1996). 
The translation repressor target gene was caudal, a homeodomain transcription 
factor. When caudal protein was absent, the fourth abdominal segment was missing 
and the other abdominal segments were variably affected (Macdonald and Struhl, 
1986). Matemal caudal mRNA is evenly distributed in the early cleavage-stage 
embryo and caudal protein generates a posterior-to-anterior gradient before the 
initiation of zygotic gene expression. In embryos lacking bicoid activity, matemal 
caudal mRNA is present throughout the embryo (Rivera-Pomar et al., 1996). 
The regulation of caudal by bicoid occurs at the level of translation 
depending on both the bicoid homeodomain and on cw-acting sequences in the 3， 
UTR of the caudal mRNA (Duhnau and Struhl, 1996). Bicoid homeodomain can 
bind specifically to the c/^-acting sequences Oposition 1,350 - 1,470) of caudal 
mRNA (Rivera-Pomar et aL, 1996) in vitro and block translational initiation 
(Duhnau and Struhl, 1996). The bicoid protein did not bind to other regions of 
caudal mRNA (Rivera-Pomar et al., 1996). 
How does the bicoid homeodomain recognize both RNA and DNA in a 
sequence-specific manner? One of the differences between recognition ofRNA and 
DNA is that DNA has double-stranded helices, whereas RNA has tertiary 
conformations. Moreover, the helical structure of double-stranded RNA is 
significantly different from that of DNA. In a paired RNA helix, the major groove 
is too narrow and deep for amino acid side of chains to gain access to base 
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functional groups particularly. In contrast, the minor groove, which is both wide 
and shallow enough for such contact to occur, provides fewer hydrogen-bond 
acceptors and donors to facilitate specific interactions with amino-acid side chain 
(Duhnau and Stmhl, 1996). 
1.5 Components required for the localization of bicoid mRNA 
1.5.1 Cw-acting elements 
The bicoid gene from Drosophila melanogaster had been cloned and 
characterized structurally (Frigerio et aL, 1986; St. Johnston et al., 1989). 
Macdonald and Struhl (Macdonald and Struhl, 1988) demonstrated that the 5’ UTR 
and the entire bicoid coding sequence could be replaced without disrupting the 
localization of the mRNA. In contrast, the correct anterior localization is mediated 
by cz5-acting localization signal about 625 base pairs contained within the 3' UTR 
ofthe bicoid mRNA and to include regions capable of forming extensive secondary 
structure (Macdonald and Struhl, 1988). The 3'UTR of bicoid mRNA is both 
necessary and sufficient for anterior localization of the bicoid mRNA. Moreover, it 
could confer correct localization of a heterologous unlocalized RNA, and that its 
deletion delocalized a heterologous RNA containing bicoid sequences. The bicoid 
gene from Drosophila melanogaster, D. simulans, D. sechellia，D. teissieri, D. 
heteroneura and D. pocticornis, D. virilis (Macdonald, 1990) and D. 
pseudoobscura (Seeger and Kaufman, 1990) had also been cloned and 
characterized. It was found that among all the various bicoid 3，UTRs, the primary 
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sequences were highly conserved. A stereotypical secondary structure had been also 
conserved and formed by the bicoid mRNA 3' UTRs of all seven species examined 
that represented an evolutionary divergence of 60 million years (Macdonald, 1990). 
Such a conservation implied that this structure was recognized by ,nms-acting 
localization of factors (Lipshitz, 1991; Marcey et al., 1991). 
1.5.1.1 Bicoid mRNA localization element (BLE1) at 3，UTR directs 
localization of bicoid mRNA 
By screening a series of bicoid transgenes carrying small deletions in the 3， 
UTR, Macdonald (1993) had showed that functional elements within this region 
constituted the localization signal. The bicoid mRNA localization element, BLE1, 
is one essential element with 53 nucleotides, which specifically directs the early 
steps of localization. The earliest localization can be disrupted by a single 
nucleotide change in this region. The bicoid mRNA localization signal appears to 
consist of multiple different elements, each of which is responsible for different 
steps in the localization process. 
Two copies of BLE1 are sufficient to direct the early stages of localization 
to the oocyte, transiently to the anterior cortex, and to the apical nurse cell 
cytoplasm. Isolated 2x BLE1 directed bicoidmKNA localization whereas lx BLE1 
does not (Macdonald et aL, 1993). It is possible that the second copy present in 
localized constructs allows a more stable interaction between the localization 
machinery and the 3，UTR, obviating the need for additional stabilizing factors 
which will bind elsewhere in the 3' UTR (Micklem, 1995). A single protein, 
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exuperantia-like (exl), with molecular mass 115 kD, was found to bind to 2x BLE1 
RNA specifically (Macdonald et aL, 1995) and exl protein is required for one phase 
of in viyo localization directed by BLE1. As the defects in 2x BLEl-directed 
localization caused by loss of exuperantia activity or by mutations that prevent exl 
binding are strikingly similar, exuperantia may mediate the action of exl. The 
specificity of exuperantia protein actioned on bicoid mRNA could be mediated by 
protein-protein contacts between exuperantia protein and exl protein rather than 
specific binding of exuperantia protein to bicoid mRNA (Macdonald et al., 1995). 
1.5.2 Trans-acting elements 
Bicoid protein distribution in mutants of the posterior and terminal group of 
matemal genes is normal in embryos of posterior matemal mutations, such as 
oskar, vasa, tudor and pumilio. By genetic screening, there are at least three 
matemal genes necessary for localization of hicoid mRNA have been identified. 
Mutations in exuperantia (exu), swallow (sww) and staufen {stau) disrupt the 
localization of bicoid mRNA during oogenesis, as shown in Figure 1.11. As a 
result, bicoid protein is uniformly distributed in the early embryo (Berleth et al., 
1988; St. Johnston et al, 1989; Stephenson et al； 1988) with phenotypes of 
deletion of head and expansion of thorax of embryo in different extent (Frohnhofer 
and Nusslein-Volhard, 1987; Schupbach and Wieschaus, 1986b), as shown in 
Figure 1.12. In addition, the localization of bicoid protein requires an intact 
microtubule skeleton (Pokrywka and Stephenson, 1991; Pokrywka and Stephenson, 
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Figure 1.11 Defects in localization of bicoid {bcd) mRNA of the 
maternal gene mutations. 
In the three mutants, exuperanita {exu), swallow {sww) and staufen {stau), 
bcd mRNA is not tightly localized to the anterior pole of the oocyte. The 
exu mutants display the earliest defects in the localization and result in loss 
of the anterior localization in the oocyte and the apical localization in the 
nurse cells (Adapted from Lawrence, 1992). 
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Figure 1.12 Maternal effect mutations affecting the anterior 
pattern of the Drosophila embryo. 
A. wild type. B. bccF^/ bcd[i, a strong bcd allele. Head and thoracic 
structures are replaced by a duplicated telson and the anterior abdomen 
is defective. C. exu^J mutant, and D. swa mutant shows loss of head 
structures. E. stau mutant displays anterior as well as abdominal defects 
(Adapted from Driever and Nusslein-Volhard, 1988b.) 
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1995). The wild type products of these genes and microtubule are therefore good 
candidates for components of the localization machinery (Micklem, 1995). 
1.5.2.1 exuperantia 
The earliest differences of bicoid mRNA localization from the wild type are 
observed in exuperantia mutant ovaries. Exuperantia mutations result in a uniform 
distribution of bicoid mRNA throughout the egg (Berleth et al., 1988; Frohnhofer 
and Nusslein-Volhard, 1987; St. Johnston et al； 1989)，as shown in Figure 1.11. It 
was found that exuperantia protein and bicoid mRNA were present at high levels 
throughout the oocyte initially. Then exuperantia protein and bicoid mRNA are 
colocalized at the apical regions of the nurse cells and at the anterior margin of 
stages 8 - 10A oocytes (Macdonald et al., 1991). Finally, exuperantia protein is 
spread throughout and is apparently degraded uniformly. At later stages, when 
bicoid mRNA moves from the nurse cells to the anterior margin of the oocyte, there 
is no corresponding concentration of exuperantia protein (Macdonald et al., 1991). 
These results indicate that the role of exuperantia is to initiate one phase of the 
process by which bicoid mRNA is localized but neither to play a continuing part in 
the execution ofthat process nor to affect the earlier phase of bicoid localization to 
the oocyte at the stage 5 (Macdonald et al, 1991; St. Johnston et aL, 1989). 
Cloning and characterization of exuperantia (Macdonald et al., 1991; Marcey et al., 
1991) suggest that exuperantia protein is involved in preparing bicoid mRNA for 
transport to the oocyte after stage 7 or in its initial anchoring to the cortex. 
Although it is not required for the maintenance of bicoid mRNA localization at 
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anterior during late stages of oogenesis and early embryogenesis, but it is needed 
for the establishment of bicoid mRNA localization in the development oocyte. 
Although exuperantia protein colocalizes with bicoid mRNA in the nurse cells and 
at the anterior cortex, this interaction disappears at later stages. After that bicoid 
mRNA localization is maintained by other factors (Macdonald et al., 1991). 
A fusion between exuperantia protein and green fluorescent protein has 
showed the localization of exuperantia in living and fixed ovaries with high 
sensitivity. It is consistent with previous observations about exuperantia protein 
localization. Exuperantia-green fluorescent protein are seen in the form of small 
particles associated with ring canals interconnecting the nurse cells and oocyte 
(Wang and Hazerlrigg, 1994). 
1.5.2.2 swallow 
The swallow gene has been cloned and characterized (Chao et al” 1991; 
Stephenson et al., 1988). The localization of bicoid mRNA in swallow mutant is 
entirely normal as in wild type until stage lOa. During stages 10b - 11，the anterior 
ring of bicoid mRNA becomes more diffuse and shift posteriorly. By stage 12，all 
bicoid mRNA has been released from the cortex and forms a shallow anterior-to-
posterior gradient (St. Johnston et al., 1989)，as shown in Figure 1.11. It has been 
suggested that the role of swallow protein is in 'anchoring' bicoid mRNA at the 
anterior oocyte margin, or in stabilizing the cytoskeletal assemblies to which bicoid 
mRNA is attached. Swallow mutants also show defects in the anchoring of pole 
plasm components at the posterior (Ferrandon et al., 1994) and in the regular 
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organization of nuclei at the cortex in blastoderm embryos CNusslein-Volhard et al., 
1987); it is possible that swallow may have a general effect on the structure ofthe 
cortex rather than any specific role in bicoid mRNA localization (Micklem, 1995). 
1.5.2.3 staufen 
Staufen plays a unique role in anteroposterior axis formation because it is 
required forthe localization ofboth bicoid and oskar mRNAs, to the opposite poles 
of the egg (St. Johnston et aL, 1989). Staufen protein is initially distributed in the 
oocyte cytoplasm. Like oskar mRNA, the protein then shows a transient 
accumulation at the anterior of the oocyte before it moves to the posterior pole (St. 
Johnston et al., 1991). In staufen ovaries, the localization of bicoid mRNA is 
completely normal until stage 12. Only when bicoid mRNA relocalized from a tight 
anterior cortex to the dorsoanterior cytoplasm is altered in staufen mutants, bicoid 
mRNA is released from the cortex, diffuses away and appears in a gradient in the 
early embryos, so the staufen gene is involved in the final stage of bicoid mRNA 
localization, as shown in Figure 1.11. This results in a weak anterior phenotype (St. 
Johnston et al., 1989). After the egg is laid, bicoid mRNA and staufen protein 
colocalize to a spherical region of the cytoplasm at the anterior pole. The 
localization of bicoid mRNA requires staufen proteins, because it is not seen in 
staufen mutants (St. Johnston et al., 1989). Since there is no bicoid mRNA-null 
allele, it is impossible to see whether the localization of staufen protein depends on 
bicoid mRNA in the same way that bicoid mRNA localization relies on staufen 
protein. 
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However, by injection of exogenous bicoid mRNA into staufen mutants, 
which increases the bicoid copy by eight fold, staufen protein localizes with a 
corresponding increased amount at the anterior of the egg (Ferrandon et al. 1994). It 
is not the same case of bicoid mRNA as increasing additional copies of staufen in 
the wild type. This indicates that staufen protein is present in excess in the embryo 
and is concentrated in the dorsoanterior cytoplasm due to an interaction with bicoid 
mRNA. It was found that endogenous staufen protein associated specifically with 
injected bicoid mRNA 3' UTR, resulting in the formation of characteristic RNA-
protein particles that were transported along microtubule of the mitotic spindles in a 
directed manner. The regions recognized by staufen protein in in vivo assay were 
predicted to form three stem-loop structures involving double stranded stretches 
and one of stem-loops corresponded to the BLE elements which was previously 
shown that to be involved in the early staufen-independent phase of bicoid 
localization (Ferrandon et aL, 1994; Macdonald et al., 1993). 
Recently, it was found that staufen protein interaction with bicoid mRNA 
required a double-stranded conformation of the stems within the bicoid mRNA 
localization signal (Ferrandon et aL, 1997). In addition, base pairing between two 
single-stranded loops plays a major role in particle formation. This loop-loop 
interaction is intermolecular, not intramolecular, thus dimers or multimers of the 
RNA localization signal must be associated with staufen in these particles. 
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1.5.2.4 cytoskeleton 
In other systems, the cytoskeleton has been shown to be necessary for the 
localization of developmentally important molecules (Jeffery, 1989). hi 
Caenorhabditis elegans, the translocation of P-granules to the presumptive 
germline requires microfilament (Hill and Strome, 1988; Strome and Wood, 1993)， 
while in Xenopus laevis, the localization of Vgl mRNA to the vegetal pole of the 
frog egg requires both microtubules and microfilaments (Yisraeli et aL, 1990). It is 
the same case in Drosophila, in which the localization of bicoid mRNA to the 
anterior oocyte end also requires the microtubules CPokrywka and Stephenson, 
1991). Ooplasmic streaming (Gutzeit, 1986) and oocyte differentiation (Koch and 
Spitzer, 1983; Theurkauf, 1994a; Theurkauf, 1994b; Theurkauf et al., 1993) also 
depend on the integrity of the microtubule network. 
Polarization of the cytoskeleton in the early oocyte-nurse cell is very 
complex. In stages 1 - 6, the oocyte-nurse cell syncytium is filled with a 
microtubule network that is dominated by a prominent microtubule-organizing 
center (MTOC) that is located in the oocyte. In stage 1 oocytes, this MTOC is 
located near the ring canals at the anterior pole of the oocyte and microtubules from 
this MTOC extend through the ring canals into the nurse cells. During stages 2 - 6， 
the MTOC is at the posterior pole of the oocyte and microtubules extend through 
the ring canals into the nurse cells. In region 2b - 3 cysts, the MTOC clearly lies 
within the future oocyte (Cooley and Theurkauf, 1994). Double label 
immunofluorescence analyses demonstrate that microtubules extend from this 
MTOC, through the ring canals, and into the nurse cells (Theurkauf et al., 1993). 
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The germline microtubule cytoskeleton appears to play a critical role in oocyte 
differentiation (Theurkauf et al., 1993). The functional requirement for 
microtubules in oocyte differentiation is therefore temporally correlated with the 
morphological differentiation of the pro-oocyte from the pro-nurse cells (Cooley 
and Theurkauf, 1994). 
During stages 7 - 8，microtubule organization in the oocyte changes 
dramatically at this time. Microtubule density at the posterior pole of the oocyte 
decreases, and microtubules accumulate at the anterior cortex of the oocyte. These 
microtubules are initially concentrated at the anterior margin of the oocyte, where 
the oocyte, nurse cells, and follicle cells meet. Concomitantly, microtubules begin 
to associate with the anterior cortex of the oocyte. On the other hand, in stage 8 
oocyte, microtubules extend from one side of the oocyte to surround the centrally 
located nucleus. After the nucleus has moved to the dorsal surface, it is surrounded 
by a ‘cage’ of microtubules. Later, by stages 9 - 10a，a broader anterior-to-posterior 
cortical gradient develops. During stages 10b - 12，subcortical microtubules are 
present under most of the surface. After maturation the subcortical microtubules are 
replaced by short, randomly oriented filaments (Theurkauf et al., 1992)，as shown 
in Figure 1.13. 
The axes of the Drosophila embryo are specified through the asymmetric 
localization of morphogenetic determinants within the oocyte during stages 7 - 10. 
The movement ofthese determinants, like bicoid mRNA, to the anterior end oocyte 
cortex, depends on microtubule function (Mahowald and Strassheim, 1970; 
Theurkaufer al, 1992). 
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Figure 1.13 Microtubule reorganization during oogenesis. 
A. Stage 1. A microtubule organizing center (MTOC) appears to localize at 
the anterior pole of stage 1 oocyte near the ring canals. B. Stages 2-6. The 
MTOC shifts to the posterior pole and extends microtubules into adjacent 
nurse cells. C. Stages 7-10A. The posterior MTOC is no longer detectable 
but high concentration of microtubules is detected at the anterior cortex of 
the oocyte. A gradient of microtubules is formed from the anterior end to 
the posterior end of the oocyte. D. Stage 10B to 12. Subcortical 
microtubule bundles assemble and ooplasmic streaming begins. The egg 
chambers are not drawn to scale. (Adapted from Theurkauf et al., 1992) 
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During the vitellogenic stage (stage 7 onward) of bicoid mRNA 
localization, transcripts synthesized in the nurse cells are targeted to the anterior 
cortex. This is close to their site of entry to the oocyte from the anterior-lying nurse 
cells and this targeting could therefore be due to passive trapping of transcripts at 
the anterior cortex. Pokrywka and Stephenson have used microtubule 
depolymerization drugs to examine the late localization of bicoid mRNA 
(Pokrywka and Stephenson, 1991; Pokrywka and Stephenson, 1995). Treatment of 
stage 10 egg chambers in culture with nocodazole dislodges already localized 
bicoid mRNA in the oocyte and nurse cells and prevents localization of new bicoid 
mRNA entering the oocyte. Microtubule disruption by nocodazole is easily 
reversible and leads to resumption of at least the microtubule-based cytoplasmic 
streaming typical of late stage 10 (Gutzeit, 1986). When oocytes are cultured in 
nocodazole and then allowed to recover after its removal, bicoid mRNA is able to 
relocalise from deep within the cytoplasm to a cortical position. After short 
treatments with nocodazole, bicoid mRNA returns to an essentially wild type 
position, but longer treatments lead to mislocalization to more posterior regions of 
the cortex. As longer treatments result in bicoid mRNA diffusing to more posterior 
regions of the cytoplasm, it is possible that bicoid mRNA becomes relocalized to 
the closest region of cortex on removal of the drug (Pokrywka and Stephenson, 
1991 ； Pokrywka and Stephenson, 1995). 
This relocalization of the bicoid mRNA makes the simple anterior trapping 
model unlikely. Li the gurken, Notch and PKA mutants where oocyte develops as if 
it has two anterior ends, bicoid mRNA localizes to the ectopic 'anterior cortex，at 
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the opposite end of the oocyte to where the mRNA enters from the nurse cells 
(Gonzalez-Reyes et al., 1995; Lane and Kalderon, 1994; Ruohola et al., 1991). This 
ectopic bicoid mRNA cannot been localized by being trapped as it enters the 
oocyte. Instead, bicoid mRNA localization appears to occur via active transport 
towards the minus-ends of microtubules. 
Inhibitor studies support a direct role for the polarized cortical microtubule 
network in anteroposterior patterning. Upon microtubule depolymerization, bicoid 
mRNA is released into the ooplasm and it returns to the cortex when the 
depolymerizing drug is removed (Pokrywka and Stephenson, 1991). The anterior 
localization of exuperantia protein (Wang and Hazerlrigg, 1994)，posterior 
localization of staufen protein, and oskar mRNA (Clark et al., 1994) are also 
disrupted by microtubule depolymerization. Thus, microtubules are required to 
localize morphogenetic molecules to both the anterior and posterior poles of the 
oocyte. 
1.6 Aim of project 
Formation of the anterior-to-posterior bicoid protein concentration gradient 
in Drosophila occurs as a result of the prelocalization of bicoid mRNA to the 
dorsoanterior end of the egg (Berleth et al., 1988a; Driever and Nusslein-Volhard, 
1988a; Driever and Nusslein-Volhard, 1988b; Frigerio et al., 1986; St. Johnston et 
al., 1989). By genetic studies, it was found that the localization of bicoid mRNA in 
the oocyte required at least three matemal genes. They were exuperantia, and 
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swallow, staufen. It is now known that exuperantia protein acts the earliest step on 
localization of bicoid mRNA. Nonetheless, the biochemical functions of these 
genes are； as yet unknown. The aim of present study is to investigate the 
biochemical role of exuperantia protein in Drosophila melanogaster. 
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CHAPTER 2 Characterization of exuperantia protein 
2.1 Introduction 
Formation of the anteroposterior gradient of the bicoid protein morphogen 
in Drosophila occurs as a consequence of the prelocalization of bicoid mRNA to 
the anterior end of the oocyte (Berleth et al., 1988a; Driever and Nusslein-Volhard, 
1988a; Driever and Nusslein-Volhard, 1988b; Frigerio et aL, 1986; St. Johnston et 
al., 1989). The localization of bicoid mRNA requires at least three genes 
(Frohnhofer and Nusslein-Volhard, 1987; St. Johnston et aL, 1989; Stephenson et 
al., 1988), with the exuperantia (exu) gene acting earliest in the pathway. It is 
notable that exuperantia protein is colocalized with bicoid mRNA which is 
positioned at the apical regions of the nurse cells at specific stages during 
oogenesis. However, there is no colocalization at the later stage when bicoid 
mRNA is translocated from the nurse cells to the anterior end of the oocyte 
(Macdonald et aL, 1991). 
2.1.1 Localization step of exuperantia protein in wild type 
The spatial and temporal distribution of exuperantia protein in wild type had 
been studied (Macdonald et al., 1991). The exuperantia protein initially appeared in 
regions 2 - 3 ofthe germanium, where it was spread throughout the cytoplasm of all 
cells. During stages 1 - 6 egg chambers, exuperantia protein was found in the 
presumptive oocyte. At stage 7, exuperantia protein localized at the apical region as 
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the regions where bicoid mRNA was localized in the individual nurse cell, and the 
oocyte staining was overshadowed by the accumulation of exuperantia protein in 
the nurse.cells. By stage 10，accumulation of exuperantia protein in the nurse cells 
continued until there was a high level of protein throughout each nurse cell 
(Macdonald et aL, 1991). 
In contrast, a much lower level of exuperantia protein remained spread 
evenly throughout the oocyte. From stage 11，although the nurse cells started to 
contract and dump their contents to the oocyte, most exuperantia protein still 
dispersed at a low level throughout the oocyte. There was no specific accumulation 
of exuperantia protein at the anterior of the oocyte at regions where bicoid mRNA 
was localized. From stage 12，exuperantia protein started to be degraded. Finally, in 
stages 13 - 14，exuperantia protein could not be detected due to synthesis of chorion 
and vitelline membrane (Macdonald et al., 1991). 
2.1.2 Phenotype of exuperantia mutant 
The exuperantia gene, which is essential and required for correct 
localization of bicoid mRNA during Drosophila oogenesis (Berleth et al., 1988; St. 
Johnston et al., 1989)，was first identified genetically and characterized by 
matemal-effect mutations (Hazelrigg et aL, 1990; Schupbach and Wieschaus, 
1986a; Schupbach and Wieschaus, 1986b; Schupbach and Wieschaus, 1989). 
Female mutated for exuperantia is sterile and oocytes produced by the mother 
show little or no localization of bicoid mRNA in late egg chambers and mature 
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oocytes. The resulting embryos are missing head structures and duplicate posterior 
gastrulation events at their anterior ends (Berleth et al., 1988a). 
On the other hand, most mutations of exuperantia gene also confer male 
sterility and mutant defects in spermatogenesis include the presence of micronuclei, 
a failure of spermatid nuclei to completely elongate and dispersal of these nuclei 
along spermatid bundles in later stages (Hazelrigg et aL, 1990). 
2.1.3 exuperantia gene in both female and male flies 
The exuperantia gene had been cloned and sequenced (Macdonald et al., 
1991; Marcey et al., 1991). It encodes two major overlapping, sex-specific 
transcripts whose expression is limited to germ cells. The male and female-specific 
transcripts are 2.9- and 2.1-kb, respectively (Hazelrigg and Tu, 1994a; Hazelrigg et 
al., 1990; Macdonald et al., 1991; Marcey et al., 1991). Analysis of these 
transcripts showed that the male and female mRNAs differed at both their 5，and 3， 
ends due to sex-specific RNA processing and also exhibited apparent sex-specific 
promoter utilization (Hazelrigg and Tu, 1994a). Ofthe seven mutant alleles were 
being identified, six were completely male-sterile at both 18 °C and 25 °C. One of 
the mutant allele, exu^^ , which has a single amino acid substitution at position 339 
in the exuperantia coding sequence (Arg^^^ to Ser^ ^ )^ (Marcey et al., 1991), was 
male-fertile at 25 °C，but fertility was reduced by about 50% at 18 °C. However, 
pj 
^xu mutant flies had normal levels of the male and female transcripts (Hazelrigg 
etaL, 1990). 
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Translation of the exuperantia open reading frame yields a protein of 532 
amino acids with predicted a molecular mass of 57981 daltons. The predicted 
protein sequences have neither homology to any characterized gene nor known 
common functional motifs (Macdonald et al., 1991; Marcey et al., 1991). Thus, the 
protein does not provide any clue for its function. It was found that exuperantia 
protein was posttranslationally modified (Macdonald et al., 1991) and that 
modification was largely due to phosphorylation (Luk et aL, 1994). 
A number of the biological activities and physiological properties of 
proteins can be attributed to their posttranslational modifications, including 
methylation, acetylation, ribosylation, glycosylation, sulfation, prenylation, 
ubiquitination or phosphorylation. Protein phosphorylation is a common form of 
posttranslationally modification. Protein phosphorylation-dephosphorylation has 
been implicated in the regulation of numerous intracellular processes. 
The epidermal growth factor receptor, Egfr (also called DER/top), signaling 
system in Drosophila is a good example that illustrates the importance of 
phosphorylation in development. The receptor in this system, Egfr, is the 
Drosophila homolog of the vertebrate EGF receptor, and thus belongs to the 
receptor tyrosine kinase family of ^raw^-membrane receptor proteins (Livneh et al., 
1985; Wadsworth et al., 1985). In addition to its role in oogenesis, Egfr is also 
involved in intercellular signaling events in both embryonic and imaginal disc 
development (Clifford and Schupbach，1992; Diaz-Benjumea and Garcia-Bellido, 
1990; Raz et al., 1991). Several potential ligands for Egfr have been identified on 
the basis of their homology to known ligands of the EGF receptor in vertebrates, 
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and it is thought that these ligand molecules act, either singly or in combination, to 
activate the receptor in its various fimctions throughout development ^Meuman-
Silberberg and Schupbach, 1993; Rutledge et al., 1992; Schweitzer et al., 1995a; 
Schweitzer et aL, 1995b). 
Most of the known genes required for transmission of Egfr signal in the 
somatic follicle cells are Drosophila homologs of components of the vertebrate Ras 
pathway. For example, the Drosophila homolog of the GTPase activating protein 
appears to antagonize Egfr signaling in the follicle cells. Females mutant for 
amorphic alleles of GTPase activating protein lay weakly dorsalized eggs (Gaul et 
al., 1992), which are consistent with ectopic activation of the Egfr pathway, and 
analysis of this phenotype in mosaic females indicates that GTPase activating 
protein is required in the soma for dorsoventral patterning (Chou et al； 1993). 
Notably, because GTPase activating protein 1 is known to interact directly with Ras 
(Boume et al., 1990)，this result also implicates Drosophila Ras in the pathway. 
Oocyte differentiation is the second example that illustrates the importance 
of phosphorylation in development. It is found that the two abdomens are arranged 
in mirror-image symmetry, and the resulting pattem is referred to the bicaudal or 
double abdomen phenotype (Kalthoff and Sander, 1968; Kandler-Singer and 
Kalthoff, 1976; Schmidt et al., 1975; Stein et al., 1991; Suter et aL, 1989). In 
Drosophila, mutations in at least three different matemal-effect loci, bicaudal, 
Bicaudal-C, or Bicaudal-D, also cause such a double abdomen phenotype (Suter et 
al., 1989). 
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Bicaudal-D {Bic-D) gene is involved in several different processes during 
oogenesis. Female homozygous for a recessive mutation in Bicaudal-D gene is 
sterile (Mohler and Wieschaus, 1986) and their ovaries are full of partially 
developed egg chambers. These egg chambers contain no oocytes but have 16 
rather than the usual 15 polyploid nurse cells instead (Mohler and Wieschaus, 1986; 
Suter and Steward, 1991). In Bicaudal-D embryos, the anteriorly localized bicoid 
mRNA is less stable, and the bicoid protein is absent (Driever and Nusslein-
Volhard, 1988a; Driever and Nusslein-Volhard, 1988b). Lehmann and Nusslein-
Volhard (1986) could also demonstrate that posterior factors are mislocalized to the 
anterior pole to Bicaudal-D embryos, where they are able to generate a second 
posterior center (Suter and Steward, 1991). The wild type role of the Bicaudal-D 
gene product in early oogenesis may be the localization of determinants within the 
early egg chamber, an essential step for the differentiation of the oocyte at the 
posterior position (Suter et al., 1989). 
A recessive loss-of-function allele, PA66, codon 40 is changed from GCC 
to GTC, leading to an alanine (Ala) to valine (Val) substitution in the serine/alanine 
(Ser/Ala) rich sequence SSASAQSA-40 of the Bicaudal-D protein. Similar 
Ser/Ala-rich regions in paramyosin and myosin heavy chain are thought to serve to 
phosphorylation motifs (Schriefer and Waterston, 1989). hi this mutant, there is a 
substantial reduction in the one of the slowest migrating isoform. Moreover, protein 
appears to be expressed in this mutant at the same stages as in the wild type. 
However, its distribution is altered. The Bicaudal-D protein in PA66 does not 
accumulate in a pro-oocyte or oocyte as the wild type protein does. These results 
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show that Ala-40 is required for both the phosphorylation of the Bicaudal-D protein 
and for its accumulation in the pro-oocyte, which in tum appears to be essential for 
the differentiation of an oocyte. Thus, the possibility is raised that the 
phosphorylation of the Bicaudal-D protein may be required for its accumulation in 
the pro-oocyte. Alternatively, Ala-40 may be directly required for the accumulation 
ofBicaudal-D protein in the pro-oocyte, and the phosphorylation of the Bicaudal-D 
protein might be a consequence of this accumulation (Suter and Steward, 1991). 
The third example of the importance of phosphorylation in Drosophila is 
that ofthe formation of dorsoventral polarity. The dorsoventral polarity requires the 
asymmetric nuclear localization of dorsal protein along the dorsoventral axis. The 
dorsal protein is targeted to the nuclei as the last step of a multistep signal 
transduction pathway that has been well characterized. The selective relocalization 
of dorsal is positively regulated by the 11 dorsal group gene products in the 
pathway and negatively controlled by cactus protein (Chasan and Anderson, 1993; 
Govind and steward, 1991; Stein et al, 1991). A direct interaction of dorsal-cactus 
is thought to be disrupted by a ventral signal generated by the transmembrane 
receptor Toll, and transmitted through the cytoplasmic components of the pathway, 
pelle and tube, resulting in the nuclear localization of dorsal pSForris and Manley, 
1992). 
Recently，it was found that cactus protein was associated with dorsal protein 
in the cytoplasm of both ovaries and early embryos. However, as dorsal protein 
formed a nuclear gradient at the blastoderm stage, the cactus protein still remained 
exclusively in cytoplasm. This indicated that dorsal protein dissociated from cactus 
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protein when it was targeted to the nucleus. Furthermore, it was found that matemal 
cactus protein was stabilized by its interaction with the dorsal protein (Whalen and 
Steward, 1993). 
There were eleven dorsal group genes regulated the differential 
phosphorylation of dorsal protein. At least one of the dorsal protein isoforms that 
was highly phosphorylated did not bind to the cactus protein, represented a nuclear 
form of dorsal protein (Whalen and Steward, 1993). To sum up, differential 
phosphorylation profile of dorsal protein determined binding with cactus and the 
localization of dorsal protein itself. 
Since the bicoid gene is a determinant of the anterior body pattem formation 
in Drosophila, it is a good candidate for the investigation of the body axis 
formation. However, little is known about the molecular mechanisms that control 
polarization of the oocyte cytoplasm. The exuperantia gene acts the earliest in the 
prelocalization of bicoid mRNA pathway and colocalizes with bicoid mRNA at the 
apical regions of the nurse cells at specific stages during oogenesis, hi order to 
understand the mechanism of anterior body pattem formation, one of the first 
questions that needs to be addressed is to understand the function(s) of exuperantia 
protein in the process of oogenesis. Another question needs to be explored is how 
exuperantia protein is localized temporally and spatially with bicoid mRNA. The 
regulatory mechanism(s) of the colocalization and the interaction(s) between 
exuperantia protein and bicoid mRNA andy'or with other component(s) 
biochemically should also be explored. Since exuperantia protein was 
posttranslationally modified by phosphorylation (Macdonald et al., 1991; Luk et al., 
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1994)，this posttranslational modification might be one of the regulatory factors of 
localization mechanism. The biochemical role(s) of this type of posttranslational 
modification might be involved in decision(s) of bicoid mRNA localization. If this 
is indeed the case, what are the molecular mechanisms of the posttranslational 
modification? There are a number of possibilities, including the regulation of its 
interaction with bicoid mRNA, binding to motor(s) and cytoskeleton, formation of 
riboneucleoprotein (RNP) particles, stability, etc. 
In order to study the biochemical role of phosphorylation on exuperantia 
protein, the types of phosphorylated residues that were present in the native 
exuperantia protein should be determined. Kinase(s) that is/are responsible for 
phosphorylation of exuperantia protein were needed to be identified. Furthermore, 
relationship between phosphorylation of the exuperantia protein and its own 
localization would also be explored. In order to address the types of phosphorylated 
residues that present in the native exuperantia protein, experiments of which 
immunoprecipitated exuperantia protein from both ovaries and testes 
dephosphorylated by three different kinds of phosphatases were carried out. 
Phosphorylation of immunoprecipitated recombinant exuperantia protein by 
exogenous kinases and inhibition of endogenous kinases activity by protein kinases 
inhibitors might be able to identify the kinds of kinases that are responsible for 
phosphorylation of exuperantia protein. The spatial and temporal distribution of 
exuperantia protein in kinase deficient mutants might examine the relationship 
between phosphorylation of the exuperantia protein and its own localization. 
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2.2 Materials and Methods 
2.2.1 General characteristic of exuperantia protein 
w〃" flies were used as the source of wild type exuperantia protein. An 
exuperantia protein null mutant, exu^ ,^ which had a nonsense mutation at residue 
53 of the predicted protein sequence (Macdonald et al., 1991), was used as a 
negative control. 
2.2.1.1 Preparation of total ovary protein from the female and male flies 
Ovaries and testes were isolated from two-day-old 狄川孜 and exuperantia 
protein null mutant, exu^ ,^ in a phosphate buffer saline (PBS) (PBS: 8 g NaCl, 0.2 g 
KC1, 1.44 g Na2HPO4 and 0.24 g KH2PO4 in 1 L ofdouble-distilled water, adjusted 
to pH 7.4 with HC1). Ovaries and testes were washed with 125 mM Tris-HCl, pH 
6.8 and then homogenized in a 2X SDS sample buffer (SB) (2X SB: 62.5mM Tris-
HCl, pH 6.8, 2% SDS, 5% p-mercaptoethanol, 10% glycerol, 0.005% bromophenol 
blue) in a ratio of one pair of ovary or testis to 10 ^1 of 2X sample buffer. The 
presence of exuperantia protein was probed with a rabbit anti-exu antibody. The 
rabbit anti-exu antibody was a polyclonal antibody (Courtesy ofP. M. Macdonald). 
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2.2.1.2Analysis of exuperantia protein by Sodium Dodecyl Sulfate -
Polyacrylamide Gel Electrophoresis (SDS - PAGE) and Western 
blotting 
The protein contents in total extract of ovary and testis were separated by 
10% SDS-PAGE and then blotted onto a nitrocellulose membrane using a semi-dry 
blotter (Owl Scientific). The blot was blocked with 5% non-fat milk/TTBS (TTBS: 
10 mM Tris-HCl, pH 7.5，0.9% NaCl and 0.05% Tween 20) (Sambrook, 1989) at 
room temperature for 1 hour. The dilution of the primary rabbit anti-exu antibody 
was 1:1000 in TTBS with 1 % bovine serum albumin (BSA) and the blot was 
incubated ovemight at 4。C with rotation. The blot was washed three times with 
TTBS, 15 minutes for each wash. The dilution of the secondary antibody, an 
alkaline phosphatase (AP)-conjugated goat anti-rabbit antibody (Calbiochem), was 
1:5000 in TTBS with 1 % BSA. 
The blot was then washed three times again with TTBS, 10 minutes for each 
wash. The alkaline phosphatase reaction was developed by the addition of nitro 
blue tetrazolium QS[BT)/5-bromo-4-chloro-3-indolyl phosphate disodium (BCIP) 
substrates (Sigma) in alkaline phosphatase (AP) buffer (AP buffer: 100 mM NaCl. 
50 mM MgCl2 and 100 mM Tris-HCl, pH 9.5). The prestained molecular weight 
standards were from the New England Biolab. Details of the procedures of SDS-
PAGE and Westem blotting were listed in Appendix A, 
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2.2.2 Determination of the type of phosphorylation residues in exuperantia 
protein 
2.2.2.1 Preparation of immunoprecipitated exuperantia protein from ovary 
and testis 
Approximately 120 pairs of ovary and testis from two-day-old wild type 
female and male were isolated in PBS, respectively and washed with 125 mM Tris-
HC1, pH 6.8. Ovary and testis were homogenized in 0.5 ml of pre-chilled RIPA 
buffer (RIPA buffer: 150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1% 
NP-40, 0.5% DOC, 0.1% SDS, 1.0 ^ig/ml pepstatin, 1.0 i^gAnl leupeptin, 1.0 p>gAnl 
aprotinin and 0.28 mM PMSF) (Harlow and Lane, 1990) on ice in a 1.5 ml 
microfuge tube. The ovary and testis homogenates were transferred to pre-chilled 
polypropylene tubes. The microcentrifuge tubes were rinsed with 0.5 ml of RIPA 
and then pooled with the corresponding homogenates. The total volume of ovary 
and testis homogenates were 3 ml. The whole homogenates were sonicated at 0 °C. 
Foaming was avoided by adjusting the sonicator (Sonicator Cell Disrupter, Heat 
Systems - Ultrasonics, Inc.) with setting to 3 or below and by inserting the microtip 
way below the liquid surface. Three bursts of 10 seconds each were done with 
pausing in between bursts to avoid overheating. 
The sonicated homogenates (lysates) were pre-clarifIed by centrifiigation at 
8,000 rpm (JA-20 rotor, Beckman J-2 MC centrifuge) for 10 minutes at 4。C. 
Clarified lysates (250 ^1) were pipetted into pre-chilled microfuge tubes where 3 ^ 1 
of rabbit anti-exu antibodies were added and incubated on ice for 2 hours with 
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vortexing. Fifty |il of 10 % pansorbin (Calbiochem) were added and continued to 
incubate at 4 °C for 1.5 hours with vortexing. 
Seven hundred microliters ofRIPA were added to the antigen-antibody (Ag-
Ab) complex, mixed, and spun at 4,000 rpm in a microfuge for 5 minutes. The 
supernatant was discarded, the Ag-Ab complex were washed three times with RIPA 
buffer and then twice with 50 mM Tris-HCl, pH 8.0 and 150 mM NaCl. 
2.2.2.2 Dephosphorylation of exuperantia protein 
The immunoprecipitated native exuperantia proteins from both ovaries and 
testes were treated with three different kinds of phosphatases: alkaline phosphatase 
(AP) (Boehringer Mannheim), phosphoserine/phosphotyrosine-specific 
phosphoprotein phosphatase 1 (PP1) and the phosphotyrosine-specific T-cell 
phosphotyrosine phosphatase (TCPTP) (both purchased from New England 
Biolabs). The Ag-Ab complexes were resuspended in 30 ^1 of the corresponding 
phosphatase buffers and phosphatases. Negative controls were carried out for each 
phosphatase reaction in which only the corresponding phosphatase buffers were 
added without enzymes. The reactions were incubated at 37 °C for 1 hour and then 
stopped by washing twice with RIPA buffer. The final pellets were resuspended in 
2X SDS sample buffer with addition of 10 mM EDTA and boiled for five minutes. 
Samples were spun in a microfuge and the supematants were separated by 10 % 
SDS-PAGE and analyzed by Western blotting. The detail protocol of SDS-PAGE 
and Westem blotting were listed in Appendix A. 
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2.2.3 Two-dimensional gel electrophoresis analysis of exuperantia protein 
The estimated isoelectric point of exuperantia protein is 10.12 (Marcey et 
al., 1991)，Since basic protein are not be well separated in IEF/SDS-PAGE (0’ 
Farrell, 1975), they tend to enter the IEF gel poorly. Even when more basic 
ampholytes are included, the extension of the pH gradient is very small, because in 
the presence of urea the basic region of the gradient is unstable. Furthermore, the 
few basic proteins that enter the IEF gel under these conditions always produce 
streaks. However, It is possible to overcome these problems using a nonequilibrium 
pH gradient electrophoresis O^EPHGE) (0'Farrell et aL, 1977) instead of IEF to 
resolve multiple isoforms of exuperantia protein. Two-dimensional gel analysis was 
carried out according to the protocol of 0'Farrell (1975, 1977). One hundred pairs 
of ovaries from the two-day-old w"!8 and exu^^ flies were isolated in PBS and 
homogenized in 240 i^l of sonication buffer (sonication buffer: 10 mM Tris-HCl, 
pH 7.4 and 5 mM MgCl2) on ice. Ribonuclease A (RNase A ) and 
deoxyribonuclease I (DNase I) were added with final concentration of lmgAnl and 
0.02mg/ml, respectively, and incubated on ice for 5 minutes. The homogenates 
were transferred to pre-chilled polypropylene tubes and urea was added to a final 
concentration of 9 M. Equal volume of lysis buffer was added (lysis buffer: 9.5 M 
urea, 2 % NP-40, 2% ampholines (1.6% pH 8 - 10.5，0.4 % pH 3 - 10) and 5 % P-
mercaptoethanol) . Urea was solubilized in a 37 °C water bath. After that, the 
samples were aliquoted and stored at - 70 °C. The samples were loaded on the top 
of tube gels. As the first dimensional gel electrophoresis was completed, the tube 
gel was extruded from the glass tube and then slided onto the second dimensional 
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slab gel. The protein contents were separated by 10 % SDS-PAGE and blotted onto 
a nitrocellulose membrane. The procedures of the two-dimensional gel 
electrophoresis setup, Western blot, and chemiluminescence detection protocol 
were listed in Appendix A. 
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2.3 Results 
2.3.1 General characteristic of exuperantia protein 
A Westem blot analysis of exuperantia protein of ovary and testis extracts 
of the female and male flies, respectively, is shown in Figure 2.1. The exuperantia 
protein was detected by a rabbit anti-exu antibody. Lanes 2 and 4 were whole 
extract of ovary and testis from homozygous exu^ ,^ respectively, which were used 
as a negative control since this mutant is an exuperantia protein null mutant. Lanes 
1 and 3 were whole extracts of ovary and testis from 狄川<^ ，respectively. Although, 
the calculated molecular mass of exuperantia protein is 57981 daltons, several 
discrete bands from both from ovary and testis can be resolved by SDS-PAGE. 
There were at least four distinct bands of exuperantia protein resolved from ovary 
whole extract in lane 1 and more than five distinct bands from testis in lane 3. 
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Figure 2.1 Detection of exuperantia (exu) protein in whole extracts of ovary and 
testis 
A. Westem blot analysis of exu protein in whole extracts of ovary and testis. Multiple 
isoforms of exu protein can be detected in the wild type ovary and testis. As a negatively 
control, the ovary extract of, exi/ ,^ protein null mutant was run in parallel with that ofthe 
wild type. B. Lane 1, the wild type,狄川〜ovary whole extract; 2, ext/^ ovary whole 
extract; 3, the wild type testis whole extract; 4, exi^ ^ testis whole extract. 
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2.3.2 Determination of the type of phosphorylation residues in exuperantia 
protein 
The inununoprecipitated native exuperantia protein in ovary and testis 
treated with either aUcaline phosphatase (AP) in lanes 4 and 10 in Figure 2.2, 
phosphoserine/phosphothreonine-specific phosphoprotein phosphatase (PP1) in 
lanes 6 and 12, or phosphotyrosine-specific T-cell phosphotyrosine phosphatase 
(TCPTP) in lanes 8 and 14, respectively. Comparing with the negative controls for 
each phosphatase reaction, the inununoprecipitated native exuperantia protein in 
ovary and testis treated with AP (lanes 4 and 10) and PP1 (lanes 6 and 12) were 
shifted from multiple bands to an apparent doublet that comigrated with the fastest 
migrating isoforai of the native exuperantia, whereas treatment with TCPTP (lanes 
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Figure 2.2 Dephosphorylation of exuperantia protein 
A. Ovary and testis extracts were immunoprecipitated with a rabbit anti-exu antibody and 
dephosphorylated. w"】^  flies were used as the source of the wild type exu protein. The exu 
protein null mutant, exi^。was included as a negative control. B. AP, PP1 and TCPTP were 
corresponded to alkaline phosphatase, protein phosphatase 1，and T-cell phosphotyrosine 
phosphatase, respectively. Negative controls ( - ) were included for each phosphatase reaction in 
which only the corresponding phosphatase buffers were added without the enzymes. 
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2.3.3 Resolving the multiple phosphorylated isoforms of exuperantia protein 
by two-dimensional gel electrophoresis 
Ovary extracts from the wild type and exu^^ mutant were dissolved in lysis 
buffer and analyzed by two-D gel electrophoresis and Westem blotting. Multiple 
isoforms of exuperantia protein would be expected to have increasing numbers of 
phosphate groups and separated from each other in a series of spots moving across 
the gel towards the acidic end. Since exu^^ mutant is a protein null mutant, these 
series of spots would be expected to be absent in this mutant as compared with the 
wild type ovary extract. As shown in Figure 2.3A and B, there were several spots 
resolved from wild type and exu^^ ovary extract, respectively. There were also 
some spots in the center of the figures in both ovary extracts recognized 
nonspecifically by rabbit anti-exu antibody. However, the expected series of 
exuperantia protein moving across the gel towards the acidic end were not found as 
indicated by the solid arrowhead in the Figure 2.3 A and B. 
In addition ovary extracts from both wild type and exu^^ mutants, ovary 
extracts were immunoprecipitated by the rabbit anti-exu antibody in order to reduce 
the nonspecifically. The immunoprecipitated exuperantia protein was dissolved in 
lysis buffer. Based on the experimental conditions of NEPHGE, the 
immunoprecipitated exuperantia protein was also subjected to separation by 
NEPHGE. However, the conditions had not been optimized. There was no spots in 
neither wild type nor exu^^ blots and results would not be shown here. 
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Figure 2.3A Two-dimensional gel electrophoresis of exuperantia protein in wild 
type ovary extract 
The crude extract of the ovaries was dissolved in lysis buffer, then loaded onto the tube 
gel. The pH of ampholytes used were pH gradient 3 ~ 10.5. Second dimensions was 10 % 
SDS-PAGS. The protein contents were separated and analyzed by Westem blotting. The 
protein was detected by chemiluminescence protein detection. 
Figure 2.3B Two-dimensional gel electrophoresis of exuperantia protein in exi^^ 
ovary extract 
The crude extract of the ovaries was dissolved in lysis buffer, then loaded onto the tube 
gel. The pH of ampholytes used were pH gradient 3 - 10.5. Second dimensions was 10 % 
SDS-PAGE. The protein contents were separated and analyzed by Westem blotting. The 
protein was detected by chemiluminescence protein detection. 
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Immunoblot analysis of exuperantia protein from both ovary and testis 
showed that multiple isoforms extracts could be resolved by SDS-PAGE. The 
number of isoforms from the testis were more than those from the ovary. At least 
five distinct bands of exuperantia protein could be resolved from the wild type 
ovary extracts (Figure 2.1 lane 1) and more than eight distinct bands from testis 
(lane 3). Dephosphorylation experiment described in Section 2.3.2 showed that the 
multiple bands of exuperantia protein were modified posttranslationally by 
phosphorylation. The appearance of the doublet in both ovary and testis (Figure 2.2 
lanes 4 and 10，6 and 12) that resisted the action of the phosphatases suggested that 
modified residues other than serine, threonine and tyrosine might be present. 
Furthermore, a smear on the top of doublet was observed in lane 12 ofexuperantia 
protein from testis treated with PP1, suggesting that additional phosphorylation 
sites of exuperantia protein might be used in this tissue. 
Since only one exuperantia gene was found and only one exuperantia gene 
transcript was detected by Northern blot analysis, the multiple isoforms of 
exuperantia protein (Figure 2.1) were not due to posttranscriptional modification. 
The possibility left might be due to posttranslational modification. There are several 
posttranslationally modification mechanisms, such as glycosylation, 
phosphorylation, methylation, acetylation, ribosylation, sulfation, prenylation and 
ubiquibination. hi the case of glycosylation, exuperantia protein is not likely to be 
modified by glycosylation. Because most glycoproteins are either secreted proteins 
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or cell surface proteins, whereas exuperantia protein is a cytoplasmic protein. 
Furthermore, glycoproteins resolved by SDS-PAGE often appear as a smear, hi the 
case of phosphorylation modification, the multiple isoforms of exuperantia protein 
might represent different phosphorylated forms. Dephosphorylation experiment 
described in Section 2.2.2 showed that the multiple bands of exuperantia protein 
were indeed modified posttranslationally by phosphorylation. The appearance ofthe 
doublet in both ovary and testis (Figure 2.2 lanes 4 and 10, 6 and 12) that resisted 
the action of the phosphatases suggested that modified residues other than serine, 
threonine and tyrosine might be present. Furthermore, a smear on the top ofdoublet 
was observed in lane 12 of exuperantia protein from testis treated with PP1, 
suggesting that additional phosphorylation sites of exuperantia protein might be 
used in this tissue. 
Nonetheless, the phosphorylated residues present in native exuperantia 
protein could be removed by a serine/threonine phosphatase but not a tyrosine-
specific phosphatase. Therefore, exuperantia protein in both female and male was 
posttranslationally modified mainly by phosphorylation and that phosphorylated 
residues of exuperantia protein were predominantly phosphoserine and/or 
phosphothreonine. 
In order to identify the phosphorylated residues in the exuperantia protein, 
multiple isoforms ofthe native exuperantia protein resolved by two dimensional gel 
electrophoresis. Ovaries extracts from wild type and exu^^ were resolved by 
nonequilibrium pH gradient electrophoresis fNEPHGE). Although there were some 
spots in the center of figures (Figure 2.3A and B) in both ovary extracts, the 
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expected series of spots of exuperantia protein of the wild type were not found. 
This might be due to exuperantia protein was incapable to be dissolved in the lysis 
buffer. Different types of detergents should be tried in the future, such as CHAPS, 
triton X-100 (Ames and Nikaido，1981; Kurzchalia et al., 1992; Perdew et al., 
1983). Furthermore, subcellular fractionation of the whole extract could also be 
tried, since this could eliminate many unrelated protein. An additional limitation of 
two-dimensional gel electrophoresis is that the amount of protein that can be loaded 
is limited. Subcellular fractionation of exuperantia protein would allow the 
enrichment of the amount of exuperantia protein in the loaded sample. Another 
possibility was that the running time of the first dimensional gel electrophoresis 
might not be optimal. In future experiment, longer running time should be tried in 
order to address these spots. On the other hand, based on the experimental 
conditions ofNEPHGE, the immunoprecipitated exuperantia protein had been also 
subjected to separation by two-dimensional gel electrophoresis. However, the 
conditions had not been optimized. This is because some spots can be detected and 
CV""* 
these spots were absent in exu ovary extract on basic end. These spots might 
represent degradation products of exuperantia protein. 
The exuperantia gene is essential and acts earliest in the pathway for correct 
localization of bicoid mRNA during Drosophila oogenesis (Berleth et al. 1988; St. 
Johnston et al. 1989). The colocalization of bicoid mRNA and exuperantia protein 
strongly suggests that they are associated during some stages of oogenesis. As their 
associations are only transient, exuperantia protein would not involve in anchoring 
bicoid mRNA by direct binding at the anterior pole of the oocyte. Rather, 
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exuperantia protein acts in initial steps of localization but not in maintenance of 
localization at late oogenesis and the embryo (Macdonald et al., 1991; Marcey et 
al., 1991). 
Localization of several mRNAs has been already known to depend on the 
preceding localization of other components. The posterior localization of nanos, 
cyclin B, and gcl mRNAs requires prior localization of oskar mRNA and oskar, 
staufen, and vasa proteins. (Jongens et al., 1992; Raff et al., 1990; Wang et al., 
1994) The preceding components may involve in binding to, or preparing binding 
sites for, the components which arrive later in oogenesis. 
The spatial and temporal distribution of exuperantia protein may be critical 
for localization of bicoid mRNA. Localization of exuperantia protein precedes that 
of bicoid mRNA in the oocyte, and exuperantia protein appears to concentrate in 
the oocyte at very early stages (Macdonald et al, 1991). Exuperantia protein would 
thus have begun to function much earlier before bicoid mRNA arrive at the oocyte. 
The function of the prior localization of exuperantia protein would therefore not 
directly involve in the binding of bicoid mRNA but rather in preparing the 
localization machinery for bicoid mRNA. Subsequent colocalization ofexuperantia 
protein and bicoid mRNA at mid-oogenesis may then involve either a direct or an 
indirect association of the two components which confers the tight localization of 
bicoid mRNA at late oogenesis. Thus, the localization of exuperantia protein may 
play an essential role in the successful localization of bicoid mRNA. The role of 
phosphorylation of exuperantia protein in the ovary is not clear. It might be one of 
the regulatory factors oflocalization mechanism. 
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The role of phosphorylation of exuperantia protein in the testis is also not 
clear. Phosphorylation of exuperantia may involve additional serine/threonine 
kinases in the testis since more higher molecular weight isoforms were found in this 
tissue. These kinases could be specific for exuperantia protein functions in the 
testis. Furthermore, additional phosphorylation sites might have been used. 
Alternatively, tissue specific temporal and spatial expression of exuperantia protein 
in the testis, though largely uncharacterized, might also account for the different 
phosphorylation isoforms observed in the two tissues. While posttranscriptional 
regulation of exuperantia protein in the testis involves splicing of the 3’ UTR 
(Hazelrigg and Tu, 1994a; Hazelrigg et al., 1990; Macdonald et ai., 1991; Marcey 
et al., 1991)，posttranslational modification of the exuperantia coding sequence in 
the testis might represent as additional level of regulation of exuperantia functions 
in the male germline. 
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CHAPTER 3 Determination of the type of kinase(s) 
phosphoryIate exuperantia protein 
3.1 Introduction 
Phosphorylation events are both spatially and temporally separated, these 
events are mediated by kinases with broad spectra (Cheley et al., 1994; Panchal et 
al., 1994). It was found that exuperantia protein was modified posttranslationally by 
phosphorylation (Macdonald et al., 1991; Luk et al., 1994). It is of importance to 
know what kind of kinase(s) responsible for phosphorylation of exuperantia protein 
because several serine/threonine kinases might be involved in phosphorylating 
exuperantia protein in vivo, either individually or in combination. Moreover, the 
phosphorylation process might also be stage-specific manner, such that exuperantia 
protein at different stages of egg chambers might be phosphorylated by different 
type(s) of kinase(s) either separately, or sequentially. These information is 
necessary for understanding the regulatory mechanism of exuperantia protein 
localization process as well as the biochemical role(s) of exuperantia protein in 
oogenesis. Phosphatase experiments described in Section 2.3.2 showed that the 
majority of the multiple isoforms of exuperantia protein corresponded to different 
phosphorylated forms. The first approach to identify the type of kinases that were 
responsible for phosphorylation of exuperantia protein was to test a panel of 
serine/threonine kinases by using recombinant exuperantia protein as a substrate. 
Pharmacological antagonists have been used in many studies of protein 
phosphorylation (Kawamoto and Hidaka, 1984). For example, antipsychotic drugs 
77 
and polypeptide cytotoxins have been used as inhibitors of protein kinases in vitro 
(Katoh et al., 1982; Mazzei et al., 1982; Mori et aL, 1980)，and as blocking agents 
specifically on one or more of the steps in the phosphorylation-dephosphorylation 
systems (Hidaka et aL, 1991). Most drugs have primary effects on the enzyme 
activating process by but not on the enzyme catalytic action (Kawamoto and 
Hidaka, 1984). Based on results of dephosphorylation of native exuperantia protein 
described in Section 2.3.2 and the result of phosphorylation of recombinant 
exuperantia protein in Section 3.3.1, several protein kinase inhibitors were used as 
the second approach to determine the types of endogenous kinases which might use 
native exuperantia protein as their endogenous substrates. Incubation of ovaries 
with the specific protein kinase inhibitors would be expected to inhibit the 
corresponding endogenous kinases and would in tum inhibit the phosphorylation of 
exuperantia protein. The inhibitors used in this study were H89, staurosporine, 
KT5823 and KT5926. The selectivity of these protein kinase inhibitors of PKA, 
PKC and PKG is shown in Table 3.1. 
The first protein kinase inhibitor, H89, is a potent inhibitor ofPKA (Chijiwa 
et aL, 1989; Hwang et al., 1997; Lieste et aL, 1996; Maggi et al., 1996; Nandi et 
al., 1996). The ii:, value for PKA is 0.048 ^imol/l. The A:, value ofH-89 for PKG is 9 
times higher, showing that the inhibitor is relatively selective for PKA. (Hidaka and 
Kobayashi, ). H-89 inhibits the protein kinase activity competitively with ATP, 
since there is a specific binding mode ofH89 in the ATP-binding site of the protein 
kinase (Engh et al., 1996). 
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The second inhibitor, staurosporine, is a microbial alkaloid with antifimgal 
properties produced by Streptomyces species (Tamaoki, 1986) and is a potent 
inhibitor of PKC (Gross et aL, 1990; Kiyoto et aL, 1987). In addition, this 
compound has several biological activities such as inhibition of platelet aggregation 
and promotion of cell differentiation (Gadbois et al., 1992). It acts at nanomolar 
concentrations and does not prevent PKC binding to phospholipids and phorbol 
esters (Tamaoki et aL, 1986), but appears to interact with the catalytic moiety ofthe 
enzyme (Wolf and Baggiolini, 1988). Whereas staurosporine is the most potent 
inhibitor ofPKC activity reported, with a Ki of2.7 nM, it is also an inhibitor, albeit 
less potent, of PKA, PKG and tyrosine-specific protein kinases (Ki values of 7.0， 
8.5 and 6.4 nM, respectively) ^^akano et al., 1987; Tamaoki et al., 1986). The 
limited selectivity of staurosporine for different protein kinases is attributable to its 
interaction with the essential region of the catalytic domain or protein kinase that 
shares a homologous region. Therefore, many kinases other than PKC, such as PKA 
and p60v-src，are strongly inhibited by it. 
The third inhibitor, KT5926, is the 14-w-propoxyl derivative of K-252a 
O^akanishi et al., 1990) and is a potent inhibitor for both myosin light chain kinase 
(MLCK) (Baorto et aL, 1992; Choi et al., 1994; Kitani et al, 1992; Nagai et al., 
1995) and Ca^Vcalmodulin-dependent kinase (CaM kinase) (Hashimoto et al., 
1991; Zhang et al., 1993). Kinetic analyses indicated that the inhibitory effect of 
KT5926 was competitive with respect to ATP and noncompetitive with respect to 
the substrates (Hashimoto et aL, 1991; Nakanishi et al., 1990). These results 
indicated that KT5926 directly interacts with the enzyme at the catalytic site. 
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KT5926 is more specific to MLCK and CaM-kinase, although it also inhibits other 
protein kinases. The Ki values for PKC, PKA, and PKG were 723，1200 and 158 
nM, respectively O^akanishi et cd., 1990). Therefore, relative to PKA and PKC, 
KT5926 also inhibits PKG specifically. 
The fourth inhibitor, KT5823 (Chen et al., 1995; Grider, 1993; Ito and 
Karachot, 1992; Komalavilas and Lincoln, 1996; Loweth et al., 1997; Maggi et al., 
1995; Stewart et al., 1994; Sun and Robinson, 1995), is a PKG-specific inhibitor. 
Table 3.1 Selectivity of selected kinase inhibitors 
ir,oraC50)uM 
inhibitor Kinase PKA PKC PKG 
H-89 0.048 31.7 0.48 
staurosporin 0.007 0.0007 0.0085 
KT5926 1.2 0.723 0.158 
KT5823 >10 4 0.234 
The third approach to investigate the type(s) of endogenous kinase(s) 
responsible for phosphorylation of exuperantia protein as a phosphorylatory 
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substrate was to use a number of protein kinase activators to activate the activity of 
the endogenous kinases. These activators were: 8-Bromo-cAMP, an activator for 
protein kinase A; TPA, an activator for protein kinase C; and 8-Bromo-cGMP, an 
activator for protein kinase G. 
As intracellular second messengers, the cyclic nucleotides alter cellular 
fUnctions predominantly by the activation of specific serine/threonine protein 
kinases (Beebe and Corbin, 1986; Scott, 1991). When the cAMP level is altered in 
tissues, many physiological processes are affected. The effects on these processes 
are in most cases mediated by the PKA. The cGMP level oftissues can also change 
under certain conditions, but the physiological roles of this cyclic nucleotide and 
PKG are less clear. The permeable cAMP analogue, 8-Br cAMP (Galantino-Homer 
et aL, 1997; Van Coppenolle et aL, 1997). and cGMP analogue, 8-Br cGMP 
(Corbin and Doskeland, 1983; Loweth et aL, 1997; Tien et al., 1994), had been 
widely used to study the signal transduction or the physiological roles of protein 
kinases. 
Tumor-promoting phorbol esters such as TPA directly activate PKC in 
vitro, which normally requires unsaturated diacylglyceroL Kinetic analysis indicates 
that TPA can substitute for diacylglycerol and greatly increases the affinity of the 
2+ 
enzyme for Ca as phospholipid. Under physiological conditions, the activation of 
this enzyme appears to be linked to the receptor-mediated phosphatidylinositol 
breakdown which may be provoked by a wide variety of extracellular messengers, 
eventually leading to the activation of specific cellular functions or proliferation. 
Using human platelets as a model system, TPA is shown to enhance the PKC-
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specific phosphorylation associated with the release reaction in the total absence of 
phosphatidylinositol breakdown (Castagna et al., 1982). Various phorbol ester 
derivatives, such as PMA, which have been shown to be active in tumor promotion, 
are also capable ofactivating this protein kinase in in vitro systems (Dickens et al., 
1997; Lim and Zageer, 1995; Niedel et al., 1983; Udovichenko et aL, 1997). 
In order to determine the type(s) of kinases responsible for phosphorylation 
ofexuperantia protein, there were three approaches. The first approach was to that a 
panel of serine/threonine kinases were tested by using recombinant exuperantia 
protein as a substrate. The second approach was that ovaries were incubated with 
the specific protein kinase inhibitors, H89, staurosporine, and KT5926, would be 
expected to inhibit the corresponding endogenous kinases and would in tum inhibit 
the phosphorylation of exuperantia protein. The third approach was that protein 
kinase activators, Br-cAMP, TPA, and Br-cGMP, and protein kinase inhibitors, 
H89, staurosporine, and KT5823 were added to the ovary extracts in order to study 
the phosphorylation of exuperantia protein. 
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3.2 Materials and Methods 
3.2.1 Phosphorylation of recombinant exuperantia protein 
3.2.1.1 Immunoprecipitation of recombinant exuperantia protein and 
phosphorylation reaction 
The bacterially produced recombinant exuperantia protein was 
immunoprecipitated using 3 p,l of the rabbit anti-exu antibody in RIPA buffer and 
incubated at 4 °C for 2 hours with vortexing. Fifty microliters of 10% pansorbin 
was then added and then incubated at 4 °C for 1.5 hours. The Ag-Ab complexes 
were spun by centrifugation at 4,000 rpm for 5 minutes at 4 °C and washed three 
times with RIPA buffer. The final pellets were washed twice with 50 mM Tris-HCl, 
pH 8.0，150 mM NaCl before being resuspended in the respective kinase buffers. 
The kinases used were: cAMP-dependent protein kinase catalytic subunit 
(PKA) O^ew England Biolabs), cGMP-dependent protein kinase G (PKG) 
(Promega), phospholipid-dependent Ca^^-activated protein kinase C (PKC) 
(Boehringer Mannheim), glycogen synthase kinase 3 (GSK-3) and p34^^ ^^  
@34cdc2/cyclin B kinase) (New England Biolabs), casein kinase I (CKI) and casein 
kinase II (CKII) (Promega). Twenty microcuries of [y-P^^ ]ATP (Amersham, > 5000 
Ci/mmol) were used for each kinase reaction. All of the kinase reactions were 
supplemented with 100-200 p,M of ATP (Sigma), with the exception of PKG 
reaction where cGMP (Sigma) was used instead of ATP. 
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3.2.1.2 Sequential phosphorylation reaction 
In order to determine any potential additive effects of these kinases, 
sequential kinase reactions were also performed. Immunoprecipitated recombinant 
exuperantia protein were phosphorylated first with PKA and then washed 
sequentially with 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and the corresponding 
kinase buffers before adding PKG or PKC. Kinase reactions were stopped by 
washing the pellets twice with RIPA buffer and the final pellets were resuspended 
in 30 i^l of 2X SDS sample buffer supplemented with 10 mM EDTA, pH 8.0. 
Samples were boiled for 5 minutes before being analyzed by 10 % SDS-PAGE. 
For visualization of phosphorylated exuperantia protein, proteins were 
blotted onto a nitrocellulose membrane (Schleicher & Schuell). The blot was air-
dried and exposed to an X-ray film (Omat-AR, Kodak) with an intensifying screen 
(DuPont). To ascertain the identity of the radiolabelled proteins, the blots were 
probed with an anti-exu antibody. 
84 
3.2.2 Inhibitory effect(s) of protein kinase inhibitors on phosphorylation of 
native exuperantia protein 
3.2.2.1 Incubation of ovaries with protein kinase inhibitors 
The ovaries were isolated from two-day-old w " " flies，and dissected in 
Modified Robb's medium (55 mM potassium acetate, 40 mM sodium acetate，100 
mM sucrose, 1.2 mM MgCl2, 1 mM CaCl2 and 100 mM Hepes, pH 7.4) (Theurkauf 
et al., 1992). Ovaries were incubated with protein kinase inhibitors in Modified 
Robb's medium with agitation. Several concentrations and incubation time ofthese 
inhibitors had been tested. After incubation, Modified Robb's medium with protein 
kinase inhibitors were removed and the ovaries were washed with 125 mM Tris-
HCl, pH 6.8. Then ovaries were homogenized in 2X SDS sample buffer with 10 
mM EDTA in a ratio of one pair of ovary to 10 ^ il of2X sample buffer. The protein 
contents were separated and analyzed by 10% SDS-PAGE and Westem blotting. 
Staurosporine and KT5926 were prepared as 10 mM stock solution. H89 
were prepared as 40 mM stock solution. All stocks were stored at -20 °C. H89, 
staurosporine and KT5926 were diluted in dimethyl sulfoxide (DMSO) and used at 
a final DMSO concentration of 1 %. For mock-treated control ovaries were 
incubated in the presence of 1% DMSO. 
Several inhibitors concentration had been assayed. For H89, the 
concentration were 1 nM, 10 nM, 100 nM, 1 ^ M, 10 ^ iM 100 ^ iM, 200^iM, 400 ^M 
and 800 |iM. For both staurosporine and KT5926, the concentration were 1 ^ iM, 2 
^iM, 4 ^iM and 8 ^M. 
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3.2.3 Phosphorylation of native exuperantia protein by endogenous protein 
kinase(s) 
3.2.3.1 Preparation of total tissue homogenate 
Approximately 120 pairs of ovaries from two-day-old v/“改 female were 
isolated in Modified Robb's medium (Theurkauf et al., 1992). The ovaries were 
washed once by total tissue homogenate extraction buffer with modification 
(Cheley et al., 1994; Panchal et al., 1994). The total tissue homogenate extraction 
buffer contained 10 mM Tris-HCl, pH 7.4，1 mM MgCl2, 1 mM EDTA, 1 mM 
DTT，5 mM NaF, 100 ^iM Na3VO7, with addition of 0.28 mM PMSF, 1.0 |igAnl 
leupeptin, 1.0 jiigAnl aprotinin and 1.0 jugAnl pepstatin. The ovaries were kept on 
ice in 250 ^1 modified total tissue homogenate extraction buffer for 5 minutes and 
homogenized on ice with a dounce homogenizer. The total ovary homogenate was 
pipetted to a pre-chilled microfuge tube and inside wall of dounce homogenizer was 
rinsed by the same buffer and pooled together with previous one. The total ovary 
homogenate was clarified by centrifugation at 4000 rpm for 10 minutes. 
3.2.3.2 Endogenous kinase assay 
Endogenous kinase assay was carried out as described by Panchal and 
Cheley with modification (Cheley et al., 1994; Panchal et aL, 1994). in vitro 
phosphorylation reaction buffer containing 50 mM MOPS, pH 6.8 (titrated with 
NaOH), 15 mM MgCl2, 5 mM 1 -isobutylmethylxanthine (IBMX), 0.1 % NP-40, 5 
mM NaF, 100 ^iM Na3VO4, 20 mM P-glycerophosphate and 20 mM p-
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nitrophenylphosphate, 20 ^Ci [y -^^P]ATP with addition of either protein kinase 
activators or protein kinase inhibitors were added to the total ovary homogenate. 
Phosphotylation reaction was carried out at 30 °C for 30 minutes. The reaction was 
stopped by adding 800 i^l RIPA with 3 |il rabbit anti-rabbit antibody for each 
reaction and incubated at 4。C for 2 hours. Thirty microliters of 10 % pansorbin 
were added and incubation at 4 °C for 1.5 hours. After incubation, the mixture was 
spun at 8000 rpm for 10 minutes. The supernatant was removed and the pellet was 
washed and resuspended by 1 ml RIPA and spun again. The washing procedure was 
repeated three times and the final pellet was resuspended in 2x SDS sample buffer 
with addition of 10 mM EDTA and boiled for 5 minutes. The ovary extract was 
analyzed by 10 % SDS-PAGE and Western blotting. The nitrocellulose was air-
dried and exposed to Kodak MR X-ray film with a BioMax intersifyimg screen 
(Kodak). 
The protein kinase activators were Br-cAMP for activation of PKA, TPA 
for PKC and Br-cGMP for PKG. The concentration of these protein kinase 
activators was 100 mM each. The concentration of protein kinase inhibitor were as 
follows: 100 jiiM for H89, 20 piM for staurosporine and 20 ^ M for KT5823. 
Negative controls were carried out for each protein kinase reaction in which 
exuSC flies were used instead of 〜川各.Mock-treated control was also carried out in 




3.3.1 Phosphorylation of recombinant exuperantia protein by exogenous 
kinase(s) 
As shown in Figure 3.1A, the immunoprecipitated recombinant exuperantia 
protein could be phosphorylated by PKA, PKG and PKC in lanes 2，4 and 6， 
respectively. The extra high molecular band in the PKG reaction in lane 4 is likely 
due to autophosphorylation of PKG. To test for any potential additive effects of 
these kinases, PKG and PKC were added sequentially to PKA phosphorylated 
recombinant exuperantia protein, in lanes 7 and 8，respectively. However, 
sequential addition of these kinases did not appear to have any additive effect. 
Furthermore, these kinases, either individually or in together, were unable to 
regenerate the multiple isoforms observed in the native exuperantia protein (see 
Figure 2.1). On the other hand, four serine/threonine kinases, GSK-3, CKI, CKII, 
and p34edc2 were unable to phosphorylate the recombinant exuperantia protein in 
lanes 9 -12, respectively. 
In order to confirm the identity of the phosphoproteins, the nitrocellulose 
was probed by the rabbit anti-exu antibody as shown in Figure 3.1B. Recombinant 
exuperantia protein were phosphorylated with the PKA, PKG, PKC, PKA and 
PKG, PKA, PKG and PKC in lanes 4, 6, 8，9 and 10，respectively. The 
phosphorylated bands of the autoradiogram were indeed exuperantia protein based 
on the positive immunological reactivity. Furthermore, this result also showed that 
the different degree of phosphorylation by the different kinases was not due to the 
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differences in the amount of proteins being loaded. Taken together, these results 
showed that the multiple bands of native exuperantia protein could not be generated 
neither by individual kinase in lanes 4, 6 and 8 nor sequential addition ofkinases in 
lanes 9 and 10. 
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Figure 3.1A In vitro phosphorylation of recombinant exu protein 
A. Phosphorylation of immunoprecipitated recombinant (R.) exu protein in vitro. B. Lane 
2，R. exu was phosphorylated with PKA. Lane 4，R. exu was phosphorylated with PKG. 
Lane 6，R. exu was phosphorylated with PKC. Lane 7, R. exu protein was phosphorylated 
with A+G (sequential phosphorylation with PKA and PKG). Lane 8, R. exu protein was 
phosphorylated with A+G+C (sequential phosphorylation with PKA, PKG and PKC). 
Lane 9, R. exu protein was phosphorylated with GSK-3. Lane 10 and 11, R. exu protein 
were phosphorylated with CKI and CKII, respectively. Lane 12, R. exu protein was 
phosphorylated with p34^^ l^ 
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Figure 3.1B In vitro phosphorylation of recombinant exu protein 
A. Nitrocellulose blot was probed with the rabbit anti-exu antibody. Equivalent amount of 
recombinant exu protein in each lane were loaded, with the exception of the lanes 
containing samples that were sequentially phosphorylated by A+G and A+G+C. B. Lane 4, 
R. exu was phosphorylated with PKA. Lane 6, R. exu was phosphorylated with PKG. Lane 
8, R. exu was phosphorylated with PKC. Lane 9，R. exu protein was phosphorylated with 
A+G (sequential phosphorylation with PKA and PKG). Lane 10, R. exu protein was 
phosphorylated with A+G+C (sequential phosphorylation with PKA, PKG and PKC). 
Lane 11, R. exu protein was phosphorylated with GSK-3. Lane 12 and 13，R. exu protein 
were phosphorylated with CKI and CKII, respectively. Lane 14, R. exu protein was 
phosphorylated with p34^ ^^ .^ 
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3.3.2 Inhibitory effect(s) of protein kinase inhibitors on phosphorylation of 
native exuperantia protein 
Ovaries from the wild type were incubated with protein kinase inhibitors; 
H89, staurosporine and KT5926, for one hour at room temperature and the protein 
contents were analyzed by SDS-PAGE and Western blotting. A series of 
concentrations ofH89 had been assayed; they were 1 nM, 10 nM, 100 nM, 1 ^M, 
10 ^iM, 100 ^iM, 200 H-M, 400 ^M and 800 ^M. The inhibitory effect ofH89 of 
PKA on phosphorylation of exuperantia protein was seen only at concentration 
greater than 100 ^iM H89. hi Figure 3.2，lanes 2, 4，6，8，10，and 12 were 
corresponded to 1 nM, 10 nM, 100 nM, 1 jiM，10 ^iM and 100 ^M H89, 
respectively. The dephosphorylation of exuperantia protein was seen only at 100 
M>M H89 in lane 12, while this effect was not seen in other lower concentrations of 
H89. 
A range of concentration of staurosporine and KT5926 were also assayed; 
they were 1 ^M, 2 p,M, 4 ^iM and 8 jnM. With both inhibitors, only concentration 
greater than 4 ^iM of both inhibitors resulted in dephosphorylation on exuperantia 
protein. In Figure 3.2，lane 14 and 16 were corresponded to 4 ^M of staurosporine 
and 4 ^M KT5926, respectively. Dephosphorylation of exuperantia protein was 
also seen in the lanes 14 and 16. Unfortunately, these preliminary experiments 
results could not be repeated in experiments with the same conditions after several 
months. One of the reasons might be that the inhibitors were inactivated due to 
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Figure 3.2 Inhibitory effects on phosphorylation of exu protein 
A. Ovaries were incubated with H89, staurosporine and KT5926 for 1 hour. vv〃" and exu^ ^ were 
the wild-type exu protein and the protein null control. B. Lane 2，4，6, 8，10, and 12, ovaries were 
incubated with 1 nM, 10 nM, 100 nM, 1 pM，10 |iM and 100 ^ M, respectively. Lanes 14 and 16， 
ovaries were incubated with 4 pM staurosporine and 4 ^M KT5926, respectively. All the rest 
lanes were negative controls, in which only 1 % DMSO was added without the inhibitors. 
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3.3.3 Phosphorylation of native exuperantia protein by endogenous protein 
kinase(s) 
3.3.3.1Phosphorylation of native exuperantia protein by endogenous kinase(s) 
with addition of protein kinase activators 
Ovaries from the wild type and exi/c were homogenized. The protein kinase 
activators, Br-cAMP, TPA or Br-cGMP, in the presence of [y-^^ P]ATP were added 
to the ovary homogenate. The autoradiogram in Figure 3.3A showed that the native 
exuperantia protein could be phosphorylated by endogenous kinases even in mock-
treated control in lane 1. The endogenous kinases could phosphoryIate the native 
exuperantia protein with addition of protein kinase activators. One hundred 
millimole per liter ofBr-cAMP, TPA and Br-cGMP, which corresponded to lanes 2 
and 6，lanes 3 and 7，and lanes 4 and 8，respectively were used. Negative controls 
were carried out for each protein kinase activator reaction in which ext^^ ovary 
extracts were used instead of w"!8 (lanes 5 - 8). Mock-treated control were lanes 1 
and 5. Although, the autoradiogram was not analyzed by the densitometer, it was 
observed that the level of phosphorylation on exuperantia protein activated by these 
activators had no significant difference among the lanes 2 - 4. 
In order to confirm the identity of the phosphoproteins, the nitrocellulose 
was probed by the rabbit anti-exu antibody as shown in Figure 3.3B. The 
endogenous kinases could phosphoryIate native exuperantia protein with the 
corresponding kinase activators (lanes 4 - 6). The phosphorylated bands of the 
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Figure 3.3A Phosphorylation of native exu protein by endogenous kinases with 
protein kinase activator 
A. Phosphorylation of native exu protein by endogenous kinase with protein kinase 
activator in vitro. Lane 1, exu was phosphorylated in mock-treated control. Lane 2，exu 
was phosphorylated with addition of Br-cAMP. Lane 3，exu was phosphorylated with 
addition of TPA. Lane 4，exu was phosphorylated with addition of Br-cGMP. Negative 
control was used exiP^ whole extract instead of w'^ '^ . Lanes 6-8, exi/c whole extract were 
phosphorylated with addition of Br-cAMP, TPA and Br-cGMP, respectively. Lane 5，exi/^  
whole extract were phosphorylated in mock-treated control. 
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Figure 3.3B Phosphorylation of native exu protein by endogenous kinases with 
protein kinase activator 
A. Phosphorylation of native exu protein by endogenous kinase with protein kinase 
activator in vitro. Nitrocellulose blot was probed with the rabbit anti-exu antibody. Lane 3， 
exu was phosphorylated in mock-treated control. Lane 4, exu was phosphorylated with 
addition of Br-cAMP. Lane 5, exu was phosphorylated with addition of TPA. Lane 6, exu 
was phosphorylated with addition of Br-cGMP. Negative control was used exif^ whole 
extract instead of 评川气 Lanes 8-10，extP^  whole extract were phosphorylated with 
addition of Br-cAMP, TPA and Br-cGMP, respectively. Lane 7, exi/。whole extract were 
phosphorylated in mock-treated control. 
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3.3.3.2 Phosphorylation of native exuperantia protein by endogenous kinase(s) 
with addition of protein kinase inhibitor 
Ovaries from the wild type and exu^^ were homogenized. The protein kinase 
inhibitors, H89, staurosporine, or KT5823, in the presence of [y-^^ P]ATP were 
added to the ovary homogenate. The autoradiogram in Figure 3.4A showed that the 
endogenous kinases could phosphorylate the native exuperantia protein in mock-
treated control. The endogenous kinases could also phosphorylate the native 
exuperantia protein with addition of protein kinase inhibitors. In Figure 3.4A, lanes 
\ • 
2 and 6，lanes 3 and 7，and lanes 4 and 8 were corresponded to 100 ^iM H89, 20 
^M staurosporine, and 20 ^iM KT5823, respectively. Negative controls were carried 
out for each protein kinase inhibitor reaction in which exu^^ ovary extract were 
used instead of w!"8 (lanes 5 - 8). Mock-treated control were lanes 1 and 5. 
Although the X-ray film was not analyzed by the densitormer, it was observed that 
the level of inhibitory phosphorylation on exuperantia protein with addition of 
protein kinase inhibitors had no obvious difference. 
The identity of the phosphoproteins on the nitrocellulose membrane was 
confirmed by probing the rabbit anti-exu antibody as shown in Figure 3.4B. The 
endogenous kinases could phosphorylate the native exuperantia protein with the 
corresponding kinase inhibitors (lanes 2 - 4). The phosphorylated bands of the 
autoradiogram were indeed exuperantia protein based on the positive 
immunological reactivity. 
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Figure 3.4A Phosphorylation of native exu protein by endogenous kinases with 
protein kinase inhibitors 
A. Phosphorylation of native exu protein by endogenous kinase with protein kinase 
activator in vitro. Lane 1，exu was phosphorylated in mock-treated control. Lane 2, exu 
was phosphorylated with addition of H89. Lane 3，exu was phosphorylated with addition 
of staurosporine. Lane 4, exu was phosphorylated with addition of KT5823. Negative 
control was used exif^ whole extract instead of w"". Lanes 6-8, exi^( whole extract were 
phosphorylated with addition of H89, staurosporine and KT5823, respectively. Lane 5, 
ext/c whole extract were phosphorylated in mock-treated control. 
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Figure 3.4B Phosphorylation of native exu protein by endogenous kinases with 
protein kinase inhibitors 
A. Phosphorylation of native exu protein by endogenous kinase with protein kinase 
activator in vitro. Nitrocellulose blot was probed with the rabbit anti-exu antibody. Lane 1， 
exu was phosphorylated in mock-treated control. Lane 2，exu was phosphorylated with 
addition of H89. Lane 3, exu was phosphorylated with addition of staurosporine. Lane 4, 
exu was phosphorylated with addition of KT5823. Negative control was used ext/^ whole 
extract instead of 狄川气 Lanes 6-8, exu^ ^ whole extract were phosphorylated with addition 
of H89, staurosporine and KT5823, respectively. Lane 5，exi^ ^ whole extract were 
phosphorylated in mock-treated control 
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3.4 Discussion 
The immunoprecipitated recombinant exuperantia protein could be 
phosphorylated by exogenous PKA, PKC and PKG. However, it could not be 
phosphorylated by GSK-3，p34'^'^ CKI and CKII (Section 3.3.1). The recombinant 
exuperantia protein phosphorylated by PKA, PKC and PKG differed both in their 
mobility and levels of phosphorylation, suggesting that these three kinases had 
different substrate specificities towards the recombinant exuperantia protein. 
Nonetheless, when comparing the degree of phosphorylation by the these three 
kinases, the recombinant exuperantia protein is the preferred substrate for PKA. 
Sequential addition of PKA, PKC and PKG in the experiment did not 
appear to have any additive effect. Multiple isoforms observed in the native 
exuperantia protein could not be regenerated by sequential phosphorylation. A 
possible explanation may be that the generation of the multiple native exuperantia 
protein isoforms (Figure 2.1) requires an additional cofactors anchor kinases other 
than the ones tested here. Alternatively, the recombinant exuperantia protein might 
have different conformations relative to the native exuperantia protein, so that only 
some ofthe phosphorylation sites were utilized in vitro. Future experiments should 
include a combination of different order of kinases. For example, PKG will be 
firstly used to phosphorylate the recombinant exuperantia protein, then PKA and 
PKC were added to the PKG phosphorylated recombinant exuperantia protein. 
Another example is that PKC phosphorylated the recombinant exuperantia protein 
first should also be assayed, followed by PKA and PKG, which were then added to 
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the PKC phosphorylated recombinant exuperantia protein. Since Lane and 
Kalderon (Lane and Kalderon, 1994) had suggested that activation ofPKA did not 
occur until stages 7 or 8, kinases other than PKA, kinases such as PKC and PKG 
might be responsible for phosphorylation of exuperantia protein at stages 1 - 6. By 
using a combination of different order, the multiple isoforms of native exuperantia 
protein might be regenerated from the recombinant exuperantia protein by 
exogenous kinases. Furthermore, other serine/threonine kinases, such as MLCK and 
CaM kinases should also be tried to phosphoryIate the recombinant exuperantia 
protein. 
Several approaches can also be used to further investigate the 
phosphorylation of native exuperantia protein in the future. First, 
immunoprecipitated native exuperantia protein can be dephosphorylated by a heat-
sensitive phosphatase. Subsequent phosphorylation of the dephosphorylated 
exuperantia protein with the different kinases may minimize the potential problem 
ofusing the recombinant protein as a substrate. The second approach is to use ovary 
extract from the protein null mutant, exu^ ,^ as a source of endogenous kinase, since 
this mutant should have all endogenous kinases that can phosphoryIate exuperantia 
protein. This experiment therefore is an attempt to reconstitute the in vivo condition 
for the phosphorylation of exuperantia protein and may overcome the problem with 
using only individual purified kinases. Since exuperantia protein is multiply 
phosphorylated, this approach may help identify the different kinases involved 
during oogenesis. However, the suggested experiment is not without drawback. The 
102 
amount of kinases extracted in whole extract of exu^^ might not be sufficient to 
phosphorylate the recombinant exuperantia protein substrate. 
A more precise and direct approach to study the phosphorylation of 
exuperantia protein and to locate the phosphorylated residues on exuperantia 
protein is by altering specific serine/threonine residues. There are a number of 
consensus sequences for PKA, PKC and PKG present in the exuperantia coding 
sequence. Many of these sites are conserved among two genetically diverged 
Drosophila species (Luk et al, 1994). Site-directed mutagenesis can be used to 
specifically alter these conserved residues. Biochemical characterization of these 
mutants could identify not only the kinds of kinases involved but also the roles of 
these phosphorylation residues on exuperantia protein. 
The study of the inhibitory effects of protein kinase inhibitors on 
phosphorylation of native exuperantia protein as described in Section 3.3.2, 
demonstrated that phosphorylation of exuperantia protein was not the completely 
inhibited by H89，staurosporine or KT5926. There are several possibilities for the 
incomplete inhibition. Firstly, it is possible that most of exuperantia protein in the 
ovaries were in their phosphorylated isoforms. Hence, incubation ofprotein kinase 
inhibitors might just stop further phosphorylation of the newly synthesized 
exuperantia protein, while the rate of dephosphorylation was not affected by the 
protein kinase inhibitors. Secondly, other kinases might also be involved in the 
phosphorylation of exuperantia protein, such as MLCK and CaM kinase. Thus, 
incubation of these H89, staurosporine and KT5926 protein kinase inhibitors could 
not completely inhibit the phosphorylation of exuperantia protein. The second 
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possibility was further complicated by the fact that KT5926 not only inhibits PKG 
but also could also inhibit MLCK and CaM kinases specifically. The 
dephosphorylation of exuperantia protein by KT5926 might be due to inhibition of 
MLCK and CaM kinase. A more specific PKG inhibitor should be used in future, 
such as KT5823, to discriminate whether PKG or other kinases were involved in 
phosphorylation of exuperantia protein. 
The native exuperantia protein could be phosphorylated by endogenous 
PKA，PKC and PKG because the phosphorylation of the native exuperantia protein 
was inhibited by the respective protein kinase inhibitors (Section 3.3.2, Figure 3.2). 
Based on this in vitro preliminary data, several approaches can be used to further 
investigate the dephosphorylation of native exuperantia protein. Firstly, since the 
Modified Robb's medium is not the physiological buffer to flies, endogenous 
kinases responsible to phosphorylate exuperantia protein might be inactive in this 
medium. Moreover, the early stages of egg chambers would not develop in vitro 
(Pokrywka and Stephenson, 1991). Therefore, the protein kinase inhibitors should 
be injected into female flies and then analyzed the phosphorylation of exuperantia 
protein by SDS-PAGE and Westem blotting. Secondly, there were at least three 
known endogenous kinases capable of phosphorylating exuperantia protein. The 
next stage of investigation on phosphorylation of exuperantia protein might involve 
in solving whether the phosphorylation comes from the combined action of several 
kinases and whether they act in a stage-specific manner. By immunohistochemical 
staining of exuperantia protein from the egg chambers that were either incubated or 
104 
injected with inhibitors, effects of these inhibitors on the endogenous protein 
kinases ofphosphorylation of native exuperantia protein could be monitored 
The study of the phosphorylation of native exuperantia protein by 
endogenous kinase(s) with addition of protein kinase activators, Br-cAMP, TPA 
and Br-cGMP, in Section 3.3.3.1 showed that the native exuperantia protein could 
be phosphorylated by endogenous kinases even in the mock-treated control. The 
endogenous kinases could phosphorylate the native exuperantia protein with 
addition of protein kinase activators. Since no densitometric analysis was carried 
out, it is difficult to discriminate among the effect(s) of the different type of 
activators on phosphorylation of exuperantia protein. On the other hand, 
phosphorylation of native exuperantia protein by endogenous kinase(s) with 
addition of protein kinase inhibitors, H89, staurosporine and KT5823, in Section 
3.3.3.2 showed that the native exuperantia protein could be phosphorylated by 
endogenous kinases not only in mock-treated control but also in kinase inhibitors 
added. The autoradiogram was not analyzed by the densitometer, it was observed 
that there was no obvious difference on the phosphorylation of exuperantia protein 
among protein kinase inhibitors added, so the effect(s) of the different types of 
protein kinase inhibitors on the phosphorylation of exuperantia protein is difficult 
to be distinguished. The reason of the addition of protein kinase activators or 
inhibitors did not produce any substantial effects on phosphorylation of exuperantia 
protein might be that exuperantia protein in the total tissue homogenate were 
predominantly in its phosphorylated forms. Alternatively, the kinases might be 
inactive in the total tissue homogenate extraction buffer. On the other hands, 
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kinase(s) responsible for phosphorylation of native exuperantia protein might be 
localized at specific compartments in the nurse cells and in the oocyte cytoplasm 
(Carr et al, 1991; Foster et aL; 1996; Gamm et al., 1995; Lane and Kalderon, 1995; 
Sarkar et aL, 1984; Schaeffer et al., 1989; Scott and McCartney, 1994). 
Phosphorylation of exuperantia protein may therefore only occur at specific 
locations. Furthermore, the ovary crude extracts had been pre-clarified. Then the 
supernatant was used for endogenous kinase assay. Very weak signal was observed 
in Figures 3.3A and 3.4A. These might be due to very low kinases activities were 
found in the supernatant. Therefore, the kinases responsible for phosphorylation of 
exuperantia protein might be bound the cytoskeleton or other cofactors in the pellet 
(Scott and McCartney, 1994). Future experiment should also assay the kinases 
activities in the pellet. 
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CHAPTER 4 Spatial and temporal distribution of exuperantia 
protein in DCO^^ and exw^^egg chambers 
V 
4.1 Introduction 
4.1.1 Initiation of establishment of the two body axes by one single signal 
Once the fate of oocyte is determined, it moves to the posterior of the nurse 
cells to form a follicle with an anteroposterior asymmetry (Gillespie and Berg, 
1995). It is not clear how the oocyte is placed at the posterior of the wild type cyst 
but this asymmetry is necessary for the subsequent formation of anteroposterior 
polarity in the somatic follicle cell layer, as the oocyte induces the adjacent follicle 
cells to adopt a posterior fate (Gonzalez-Reyes and D.，1994). This induction has 
been shown to require the transforming growth factor a homolog, gurken, in the 
germline and the Drosophila homolog of the vertebrate epidermal growth factor 
receptor, DER/top, in the follicle cell layer (Gonzalez-Reyes et al., 1995; Neuman-
Silberberg and Schupbach, 1993; Price et cd,, 1989; Roth et al., 1995; Schejter and 
Shilo, 1989). 
As gurken mRNA is localized at the posterior of the oocyte during early 
oogenesis, it seems likely that gurken protein is secreted from this side of the cell, 
where it binds to DER/top in the neighboring follicle cells to activate a receptor 
tyrosine kinase signal transduction pathway that results in the determination of 
posterior fate. At stage 7，the posterior follicle cells send an unidentified signal 
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back to the gerailine to polarize the anteroposterior axis within the oocyte (Ruohola 
et aL, 1991). The transduction of this signal requires protein kinase A and leads to 
the disassembly of the MTOC which is formed in the germarium and which later 
comes to lie at the posterior of the oocyte (Lane and Kalderon, 1994). Coincident 
with the disappearance of this posterior MTOC, the anterior cortex seems to act as a 
diffUse MTOC which organizes an anteroposterior concentration gradient of 
microtubules (Theurkauf et al., 1992). In the absence of the signal from the 
posterior follicle cells, the posterior MTOC is not disassembled but tubulin still 
accumulates at the anterior. Li gurken, DER/top or protein kinase A mutants, the 
oocyte therefore develops a symmetrical microtubules networks which directs the 
localization of bicoid mRNA to both poles of the cell instead ofjust the anterior 
and oskar mRNA to the center rather than the posterior (Gonzalez-Reyes et al., 
1995; Lane and Kalderon, 1994; Roth et al., 1995; Ruohola et al., 1991). 
The polarity of the dorsoventral axis is determined during stage 7 when the 
oocyte nucleus undergoes a microtubule-dependent migration from the posterior of 
the oocyte to one comer of the anterior cortex (Koch and Spitzer, 1983; Theurkauf 
et al., 1992). gurken mRNA becomes localized on one side of the nucleus and 
gurken protein accumulates in the cell membrane above (Neuman-Silberberg and 
Schupbach, 1994; Serano et al., 1995). Here, gurken mRNA again signals to 
DER/top in the overlying follicle cells, in this case inducing them to adopt a dorsal 
rather than a ventral fate CNeuman-Silberberg and Schupbach, 1994; Schupbach, 
1987). This polarization of the follicle cell layer determines the dorsoventral axis of 
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the embryo, as the ventral follicle cells will later produce the localized signal that 
controls the nuclear localization of the morphogen, dorsal protein, in the embryo. 
The position of the oocyte nucleus clearly determines where gurken mRNA 
localizes; in mutants where the nucleus fails to take up its proper position, gurken 
mRNA is mislocalized with it (Gonzalez-Reyes and D., 1994; Gonzalez-Reyes et 
aL, 1995; Neuman-Silberberg and Schupbach, 1994; Schupbach, 1987). This also 
suggests that gurken mRNA localization above the nucleus is unlikely to be 
dependent on the anteroposterior microtubule array that localizes bicoid and oskar 
mRNA. Interestingly, this microtubule network, which forms as a result of the 
posterior follicle cell signal, is required for the localization of the oocyte nucleus to 
the dorsoanterior comer (Theurkauf et al., 1992). Thus, gurken's specification of 
the dorsoventral axis is actually dependent upon its prior specification of the 
anteroposterior axis (Gonzalez-Reyes et al., 1995). 
It has been suggested that the follicle cells adjacent to the posterior pole of 
the oocyte send out a signal to activate protein kinase A which is received by the 
oocyte (Lane and Kalderon 1994). In other systems protein kinase A is activated by 
high intracellular levels of cyclic AMP, and functions in triggering cyclic AMP-
responsive events by phosphorylating specific substrate proteins. (Scott et al., 1990; 
review by Lasko, 1995) Jn the Drosophila egg chamber, activated protein kinase A 
presumably phosphorylates downstream targets within the oocyte to mediate 
microtubule redistribution and ultimately mRNA localization. 
According to the current model, if the posterior follicle cells are indeed 
sending out a signal that activates PKA in the oocyte, then one of the downstream 
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targets may well be exuperantia protein. This signal is essential for the 
establishment of the microtubule network. Whether the signal that activates PKA 
and also activates PKG and PKC or separate signals are required to activate the 
three kinases systems remains to be shown. The in vitro data in both Chapter 2 and 
3 suggest that multiple kinases, including PKA, PKG and PKC, may be involved in 
the anteroposterior signalling pathway. While the role of the latter two kinases in 
this signalling pathway remains to be determined, preliminary evidence showed that 
both PKG and PKC can also be activated in ovary extracts in Chapter 3. 
Identification of cellular targets of these kinases would be crucial in unraveling the 
signal transduction pathway necessary for the establishment of the egg polarity. 
Although the genes ofPKA, PKC and PKG had been cloned and sequenced 
(Foster et al., 1988; Foster et al； 1996; Kalderon and Rubin, 1988; Rosenthal et al., 
1987; Schaeffer et al., 1989)，the lack of mutants prevents any genetic analysis of 
the role of PKC and PKG. Fortunately, the PKA-deficient mutant, DCO, had been 
constructed (Lane and Kalderon, 1993). Through the biochemical and 
immunohistochemical study of PKA null mutant, DCO^\ the role of protein kinase 
A in the regulation of exuperantia protein functions would be investigated. 
One of Bicaudal-D alleles, PA66, codon 40 is changed from alanine to 
valine substitution in the serine/alanine rich sequence SSASAQSA-40 of the 
Bicaudal-D protein. In this mutant, there is a substantial reduction in the one of the 
slowest migrating isoform. Moreover, protein appears to be expressed in this 
mutant at the same stages as in the wild type, but its distribution is altered. These 
results show that Ala-40 is required for both the phosphorylation of the Bicaudal-D 
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protein and for its accumulation in the pro-oocyte. Thus, the possibility is raised 
that the phosphorylation of the Bicaudal-D protein may be required for its 
accumulation in the pro-oocyte. Alternatively, Ala-40 may be directly required for 
the accumulation of Bicaudal-D protein in the pro-oocyte, and the phosphorylation 
of the Bicaudal-D protein might be a consequence of this accumulation (Suter and 
Steward, 1991). 
It is worth noting that the bicoid mRNA localization was affected in the 
p / 
mutant, exu，which has a single amino acid substitution at position 339 in the 
exuperantia coding sequence (Arg^^^ to Ser^^ )^. Attachment of bicoid mRNA at the 
cortex of the embryo is not so tight and forms a diffuse gradient. Homozygous flies 
for of exuPJ was sterile 25 °C (Hazelrigg et al., 1990; Marcey et aL, 1991). In order 
to determine the interaction between bicoid mRNA and exuperantia protein and 
whether or not the spatial distribution of exuperantia protein is regulated by 
phosphorylation, it would be necessary to ascertain the role of this amino acid 
substitution in the exuperantia protein localization. The immunohistochemical 
staining of exuperantia protein in homozygous exu^^ egg chamber has also been 
conducted and studied. 
4.1.2 Stage-specific phosphorylation of exuperantia protein 
The multiple bands of exuperantia protein resolved by SDS-PAGE was 
posttranslationally modified mainly be phosphorylation (Section 2.3.1). The 
phosphorylated residues present in native exuperantia protein were predominantly 
serine anchor threonine (Section 2.3.2). The recombinant exuperantia protein could 
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be phosphorylated by exogenous PKA, PKC and PKG (Section 3.3.1). It was found 
that phosphorylation of native exuperantia protein by endogenous PKA, PKC and 
PKG could be inhibited by protein kinase inhibitors, H89, staurosporine and 
KT5926 (Section 3.3.2). Since the freshly dissected ovaries contain egg chambers 
of different developmental stages, the multiple isoforms of the native exuperantia 
protein prepared from these egg chambers may represent stage-specific kinases 
andA)r phosphatases in corresponding developmental stages may account for the 
presence of these isoforms. Furthermore, the temporal and spatial distribution of 
exuperantia protein in oogenesis may also influence the phosphorylation profile of 
the protein. To determine the stage-specific phosphorylation profile of the 
exuperantia protein, egg chambers were divided into 3 groups: previtellogenic 
(stages 1 - 7), vitellogenic (stages 8 - 10) and mature (stages 11 - 13). The proteins 
from each group were then subjected them to immunoblotting analysis. On the 
other hand, in order to address the role of PKA in stage-specific phosphorylation 
and in the spatial and temporal expression of exuperantia protein, the 
phosphorylation profile the PKA-deficient mutant, DCO^^ and exu^^ were also be 
analyzed. 
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4.2 Materials and Methods 
4.2.1 Immunohistochemical distribution of exuperantia protein 
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w flies were used as the source of wild type, DCO^^ was a protein kinase 
A null mutants and exu^^ has a amino acid substitution at position 339 in the 
exuperantia coding sequence (Arg^^^ to Ser^ ^ )^. The immunohistochemical staining 
protocol was essentially as described by Macdonald with modification (Macdonald 
etal., 1991). 
About 20 pairs of ovaries from two-day-old flies were dissected in PBS. 
The ovaries were dispersed in about 50 ^1 ofPBS by pipetting up and down with a 
volume of30 ^1 in a microfuge tube until the individual ovarioles were completely 
dispersed. Excessive pumping was avoided to prevent destroying the morphology 
of the ovarioles. To allow better penetration by antibodies, the ovarioles were 
incubated in 1 ml 0.375 M KC1 at 37 °C for 30 minutes and then washed twice by 
PBS. The ovarioles were fixed in 4% formaldehyde in PEM buffer (0.1 M Pipes, 2 
mM MgSO4 and 1 mM EGTA) for 17 minutes with rotation. 
The ovarioles were washed twice briefly with PTW (0.1% Tween in PBS) 
and then washed twice thoroughly for 30 minutes each. The primary rabbit anti-exu 
antibody, used at a dilution of 1:1600 in TNBTT (50 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 0.1% BSA, 0.1% Triton X-100 and 0.05% thimerosal), was added to the 
ovaries and incubated at 4 °C ovemight with rotation. The unbound primary 
antibodies were removed by washing the ovaries twice with TNBTT for 5 minutes. 
In order to prevent non-specific binding of secondary antibody, 2% normal goat 
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serum (Antibodies Incorporated) in TNBTT were incubated with the ovaries for 30 
minutes at room temperature. The ovaries were once again washed twice with 
TNBTT containing 1% BSA. The percentage of BSA at this latter step was 
increased in order to minimize background staining. 
The secondary antibody, a Rhodamine Red X-conjugated goat anti-rabbit 
antibody (Molecular Probes), was used at a dilution o f l : 3600 (for early stage egg 
chambers) or 1:4500 (for late stage egg chambers). Ovaries were then washed with 
PTW，in order to reduce nonspecific binding of the secondary antibodies to the 
ovaries. Ovaries were then mounted in fluorescent label mounting medium (0.1 M 
Tris-HCl, pH 8.0，90% glycerol, 2.3% of 1,4-diazabicyclo-[2,2,2,]-octane 
(DABCO) (w/v)，0.02% sodium azide), and examined with a Zeiss Axiophot 
microscope using a x40 Plan-NeofIuar objective equipped with epifluorescence 
optics. Fluorescence images were either photographed with Ilford-Pan 50 film or 
were captured using a Photometrix SenSys cooled-CCD camera. The digitized 
images were processed with the imaging software MetaMorph, assembled with 
Photoshop (Adobe), and photographed with Ilford-Pan 50 film using a Polaroid 
HR6000 camera. 
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4.2.2 Stage-specific phosphorylation of exuperantia protein 
For detection of stage-specific phosphorylation of exuperantia protein in 
ovaries, ovaries extracts were prepared from the two-day-old 冰“？改，exu^^ and 
DC0^3 female egg chambers that were hand-dissected and divided into three groups 
according to the staging as described (King, 1970; Mahowald and Kambysellis, 
1980; Spradling, 1993) in PBS with protease and phosphatase inhibitors: 1.0 ^ig/ml 
pepstatin，1.0 ^ig/ml leupeptin, 1.0 ^ig/ml aprotinin, 0.28 mM phenylmethyl-
sulfonyl fluoride (PMSF), 10 mM sodium fluoride Os[aF) and 5 mM sodium 
pyrophosphate 0^a4P2O7*H2O). The egg chambers were homogenized in 2X SDS 
sample buffer containing 10 mM EDTA. These extracts were separated by 10% 
SDS-PAGE and then blotted onto a nitrocellulose membrane using a semi-dry 
blotter. The details procedure ofWestem blotting was listed in Appendix A. 
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4.3 Results 
4.3.1 Immunohistochemical distribution of exuperantia protein in DCO^^ 
mutant 
Immunohistochemical analysis of the distribution of exuperantia protein is 
shown in Figures 4.1. Panels A, C, and E were different stages of wild type egg 
chambers, while B, D, and F were egg chambers ofDCO^^ mutants. Comparison of 
Figures 4.1A and B, showed that the localization pattern ofexuperantia in the PKA 
mutant，DCO^\ was similar to those of the wild type previtellogenic egg chambers. 
In contrast，exuperantia protein localization was clearly altered in the DC(f^ mutant 
from stage 7 onwards (Figure 4.1D). In the wild type egg chambers, apical 
localization ofexuperantia protein in the nurse cells begins at stage 6 and resembles 
the apical localization of ^ /cozJmRNA (Macdonald et aL, 1991; St Johnston et aL, 
1989). Indirect immunofluoresence detection of exuperantia protein clearly showed 
that the proteins appeared as large punctate structures in Figure 4.1C, which may 
represent the ribonucleoprotein (RNP) particles as suggested by Wang and 
Hazelrigg. In addition, localization of exuperantia protein at the anterior margin as 
well as the posterior end of the developing oocyte could also be observed. In the 
DC0^3 mutant, these particles were unevenly distributed in the only some of the 
nurse cells which were at anterior position of the egg chamber and at the two 
anterior comers ofthe oocyte in Figure 4.1D. Furthermore, posterior localization of 
exuperantia protein cannot be detected. By stage 10, exuperantia proteins were 
evenly distributed in the nurse cell cytoplasm and no punctate structures could be 
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detected in the mutant Figure 4.1F. Thus, PKA appears to play an important role in 
maintaining the transport or the integrity ofthese particles after stage 7. 
The observation that localization of exuperantia protein in the 
previtellogenic stages of the PKA mutant appear essentially as wild type suggests 
PKA is not essential for early exuperantia localization and that kinases other that 
PKA might be functioning in these stages, such as PKC and PKG (Rosenthal et al., 
1987; Schaeffer etal, 1989; Foster et al., 1996). 
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Figure 4.1 Analysis of temporal and spatial distribution of exu proteins in DC(fi^ 
ovaries 
Ovaries from w" " (panel A，C and E) and the DCO^^  mutant allele (panel B, D, and F) 
were fixed and stained. Panels A and B: early oogenesis; C and D: mid-oogenesis; and E 
and F: stage 10 oocytes (these latter stages were photographed using a 20x objective to 
allow observation of the entire length of the egg chambers). Ovaries were fixed and 










4.3.2 Immunohistochemical distribution of exuperantia protein in exi^^ 
mutant 
Immunolocalization of exuperantia protein at different stages in oogenesis 
were compared between the wild type egg chambers (Figure 4.2A, C，and E) and 
• 
egg chambers of^x/^mutants (Figure 4.2B, D and F). Comparison ofFigure 4.2A 
and B，C and D, and E and F, these results showed that localization of exuperantia 
protein was not greatly affected among all stages. However, the level of localized 
exuperantia protein was at least two-fold lower in exu^^ egg chambers than that in 
the wild type. Furthermore, low level of exuperantia protein could be seen evenly 
distributed in the nurse cell cytoplasm and only some ofthe nurse cells contained 
low level ofapically localized exuperantia protein. 
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Figure 4.2 Analysis of temporal and spatial distribution of exu proteins in exi^】 
ovaries 
Ovaries from w" " (panel A, C and E) and the exit^ mutant allele (panel B, D, and F) were 
fixed and stained. Panels A and B: early oogenesis; C and D: mid-oogenesis; and E and F: 
stage 10 oocytes (these latter stages were photographed using a 20x objective to allow 
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4.3.3 Stage-specific phosphorylation of exuperantia protein in DCO^^ mutant 
The phosphorylation profile of V " ^ and DCO^^ were examined. As shown 
in Figure 4.3 (left panel), exuperantia protein from 从川污 previtellogenic (stages 1 -
6) was hyperphosphorylated (lane 2) whereas those in vitellogenic (stages 7 - 10) 
egg chambers had equal among of hypo- and hyperphosphorylated isoforms (lane 
3). No exuperantia protein was detectable in stages 11 - 13 (lane 4), since 
exuperantia protein would be degenerated gradually after stage 12. The 
phosphorylation profile of the PKA-deficient mutant DCO^^ was also examined. As 
shown in Figure 4.3 (right panel), previtellogenic and vitellogenic egg chambers 
had different phosphorylation pattem and were partially hypophosphorylated in 
lanes 5 and 6，respectively. It is notable that the hyperphosphorylated isoform that 
has the lowest mobility was unaffected in this mutant. Moreover, the 
hypophosphorylated isoform that has the fastest mobility was also unaffected. 
Phosphorylation of the rest isoforms between the highest and lowest molecular 
mass was affected. Thus, the absence of PKA resulted in hypophosphorylation of 
only certain specific exuperantia isoforms in both the previtellogenic and 
vitellogenic egg chambers. 
Differential phosphorylation of exuperantia protein might result from the 
activation of specific kinases or phosphatases in different compartments at a 
particular stage. Exuperantia protein from mutant deficient in the endogenous PKA 
was found predominantly hypophosphorylated in both the previtellogenic and 
vitellogenic stages, suggesting that exuperantia protein is phosphorylated at these 
stages either by PKA or by PKA activated kinases. However, at least one of the 
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hyperphosphorylated isoforms was not affected in the PKA mutant, suggesting that 
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Figure 4.3 Analysis of stage-specific phosphorylation of exu protein in the DCO^^  
mutant ovaries 
A. Egg chambers were divided into previtellogenic (stages 1 - 7)，vitellogenic (stages 8 -
10), and late (>11) stages. B. The previtellogenic stages of^/"" and DCO^^  were in lane 2 
and 5，respectively. The vitellogenic and late stages ofV"^ and Z>CO^ ^were in lane 3 and 
6, ;and lane 4 and 7，respectively. Ovary extracts from the exu protein null mutant exi^^ 
was used as a negative control in lane 1. 
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4.3.4 Stage-specific phosphorylation of exuperantia protein of exi/^ mutant 
As shown in Figure 4.4 (left panel), exuperantia protein from the wild type, 
j j j g • 
w ，previtellogenic (stages 1 - 6) were hyperphosphorylated in lane 2 whereas 
those in the vitellogenic (stages 7 - 10) egg chambers had equal amount of hypo-
and hyperphosphorylated isoforms in lane 3. No exuperantia protein was detectable 
in stages 11 - 13 in lane 4, since exuperantia protein would be degenerated 
gradually after stage 12. 
In the right panel, the exu^^ was hypophosphorylated in both the 
previtellogenic (lane 5) and vitellogenic (lane 6) stages when compared with that of 
the wild type. However, it was observed that a smear on the top of the fastest 
migrating isoform of exuperantia protein in vitellogenic stage in lane 6. Since 
extracts ofthe same number of ovaries were loaded onto the gel, the overall amount 
ofexuperantia proteins in both the wild type and the mutant were the same. 
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Figure 4.4 Analysis of stage-specific phosphorylation of exu protein in the exu^』 
mutant ovaries 
A. Egg chambers were divided into previtellogenic (stages 1 - 7), vitellogenic (stages 8 -
10), and late (>11) stages. B. The previtellogenic stages of w" " and exi/」were in lane 2 
and 5，respectively. The vitellogenic and late stages of 狄川岔 and exi/」were in lane 3 and 6， 
and lane 4 and 7, respectively. Ovary extracts from the exu protein null mutant exU^^ was 
used as a negative control in lane 1. 
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4.4 Discussion 
The recombinant exuperantia protein phosphorylated by the three 
serine/threonine kinases tested in Section 3.3.1 Figure 3.1 might have physiological 
significance. Immunohistochemical analysis of the distribution of exuperantia 
protein is shown in Figure 4.1. Panels A, C, and E were different stages ofthe wild 
type egg chambers, whereas B, D and F were egg chambers ofPKA mutant. In the 
wild type egg chambers, exuperantia proteins were localized in the presumptive 
oocytes as well as in the nurse cells in panel A, C and E. Whereas localization of 
exuperantia protein in the previtellogenic oocytes of PKA mutant was similar to 
that ofthe wild type in Figure 4.1B and A, respectively. Abnormal localization was 
observed in the vitellogenic egg chambers in Figure 4.1D. Specifically, instead of 
forming distinct punctates at the apical region of the nurse cells, exuperantia protein 
was evenly distributed and was only detected in some of the nurse cells. 
Furthermore, large aggregates of exuperantia protein were also detected in the 
oocyte. This observation might be interpreted as an indirect effect of PKA through 
its global effect on the organization of microtubule. Alternatively, PKA might play 
an additional, and a more direct, role on the phosphorylation ofexuperantia protein 
in regulating the stability of the ribonucleoprotein particles (RNP) complex that 
contain exuperantia. The experimental data suggested that both mechanisms might 
be at work. Although the localization ofboth Z?/co/^ 3?mRNA and exuperantia protein 
are microtubule-dependent (Pokrywka and Stephenson, 1991; Pokrywka and 
Stephenson, 1994; Wang and Hazerlrigg, 1994)，there is a clear difference in the 
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distribution ofbicoid mRNA and exuperantia protein in the PKA mutant. Whereas 
bicoid mRNA was found to localize to both the anterior and posterior pole in the 
mutant oocyte (Lane and Kalderon, 1994), exuperantia protein was evenly 
distributed in the nurse cells as well as in the oocyte in Figure 4.1D and F. The 
localization ofexuperantia protein in the previtellogenic stages ofthe PKA mutant 
appear essentially as wild type suggests PKA is not essential for early exuperantia 
protein localization and that kinases other than PKA might be functional in these 
stages. 
On the other hand, exuperantia protein was phosphorylated in a stage-
specific manner. It was observed that in the previtellogenic stage of PKA mutant, 
the lowest mobility isoform of exuperantia protein was not affected (Figure 4.3 lane 
5) and the level of localized exuperantia protein was the same (Figure 4.1B). It is 
notable that certain exuperantia protein isoforms were hypophosphorylated in the 
previtellogenic egg chambers of PKA mutant. Phosphorylation of exuperantia 
protein in oogenesis may therefore involve multiple kinases, such as PKG, PKC 
(Foster et al., 1996; Rosenthal et al., 1987; Schaeffer et al., 1989). These kinases 
might phosphorylate exuperantia protein in the previtellogenic stages. PKA might 
predominantly phosphorylate the exuperantia protein in vitellogenic stages. The 
latter interpretation is consistent with previous observations which suggested that 
activation of PKA did not occur until stages 7 or 8 (Lane and Kalderon, 1994). 
Phosphorylation of exuperantia protein by multiple kinases could be facilitated by 
its localization into compartments where PKA is anchored. PKA substrates have 
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been known to localize to distinct cellular compartments (reviewed by Scott and 
McCartney, 1994). 
In the missense mutant allele, exu^ ,^ low levels of exuperantia could be 
detected in Figure 4.2B, D and F. The reduction in the level of localized 
exuperantia protein was not due to reduction in the amount of exuperantia protein 
in exuPJ. It is because the amount of exuperantia transcript (Marcey et al., 1991) 
and protein expression in exu^^ were the same as compared with that in the wild 
pj 
type. exu homozygous female has only one amino acid substitution, arginine 
replacing with serine at residue 339. Interestingly, this basic residue is important for 
exuperantia protein function in the female germ line and its localization during 
oogenesis. This replacement might change the tertiary structure of exuperantia 
protein, so it could not be recognized by the anti-exu antibody. In addition, this 
replacement might reduce the stability of the protein and cause early degradation 
due to the presence of PEST sequence on exuperantia protein. Normally, 
degradation of exuperantia protein would start after stage 11 and no exuperantia 
protein would be detected after stage 13. 
Stage-specific phosphorylation experiment described in Section 4.3.4 
showed that the exuperantia protein in exu^^ mutant was hypophosphorylated in 
both previtellogenic and vitellogenic stages (Figure 4.4 lane 5 and 6). The reduced 
level of localized exuperantia protein in the egg chamber (Figure 4.2B, D and F) 
might be the result of the hypophosphorylation of exuperantia protein. Thus, 
phosphorylation of exuperantia protein was required for its own localization. 
Phosphorylation of exuperantia protein might involve in its interaction with 
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microtubule network. Although localization of exuperantia protein in both the 
previtellogenic and vitellogenic stages were microtubule-dependent, this process 
appeared to be differentially regulated in these two stages, possibly due to 
differential regulations of the microtubule network. This interpretation was 
consistent with the observation that microtubule network in the previtellogenic 
stages was unaffected in the PKA mutant and that microtubule organization in egg 
chambers from vitellogenic stages was regulated by PKA (Lane and Kalderon, 
1994; Lane and Kalderon, 1995). Moreover, several pieces ofevidence support the 
notion that exuperantia protein interacted directly with microtubule (Kwan and Luk, 
unpublished data). First, localization of exuperantia protein was found to be 
affected by the organization of microtubules. When egg chambers were injected 
with the presence of colchicine, localization of exuperantia protein was completely 
abolished during oogenesis (Kwan and Luk, unpublished data). Control injections 
with 1 % ethanol and with cytochalasin D confirmed that the localization was 
neither affected by the injection itself nor the stability of actin. Therefore, the 
localization ofexuperantia protein was sensitive to the organization ofmicrotubules 
(Kwan and Luk, unpublished data). When microtubules were destabilized, 
exuperantia protein no longer localized in the oocytes from stages 1 through 9, 
indicating that exuperantia protein requires an intact microtubule network for its 
localization and suggesting possible physical interactions between exuperantia 
protein and microtubules. Apart from exuperantia protein, bicoid mRNA 
localization was also affected as microutuble was disrupted. Using in situ 
hybridization techniques, the temporal and spatial distribution ofZ^/co/^jfmRNA was 
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analyzed in the drug-treated egg chambers (Kwan and Luk, unpublished data). 
Localization of bicoid mRNA was completely abolished in the colchicine-treated 
egg chambers. The bicoid mRNA was uniformly distributed in all stages of egg 
chambers. The anterior localization in the oocyte was not seen from stages 6 - 9. Li 
mock-treated and the cytochalasin D treated egg chambers, the distribution of 
bicoid mRNA were similar to that of the wild type. Anterior localization at the 
oocyte was observed from stages 8 - 10A as well as the apical localization in the 
nurse cells in stage lOA. Therefore, cytochalasin D did not have any effect on the 
distribution of bicoid mRNA. On the other hand, by cosedimentation experiment, 
one of multiple isoforms of exuperantia protein was found to bind to microtubules 
(Kwan and Luk, unpublished data). 
Although interaction between exuperantia protein and microtubule remained 
further to be studied, the fact that exuperantia protein could be phosphorylated by 
PKA in vitro and that localization of exuperantia protein was PKA-dependent 
suggested that exuperantia protein was a component ofthe PKA pathway essential 
for the establishment of an organized microtubule network. 
Hypophosphorylation of exuperantia protein at previtellogenic and 
vitellogenic stages in both PKA and exu^^  mutants had the results of either 
reduction in localization in the nurse cells apically or mislocalization in the nurse 
cells. In these two mutants, hypophosphorylation might regulate the 
assembly/disassembly of the exu-bcd RNP complex. It is coincident to the 
cosedimentation experiment of exuperantia protein and microtubule (Kwan and 
Luk unpubulished data), although only a small proportion of total exuperantia 
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protein bound microtubule, it was found that their in vitro association was 
specialized to only one ofhypophosphorylated isoform and the interaction between 
exuperantia protein and microtubule appeared to be very specific (Kwan and Luk 
unpubulished data). Moreover, protein phosphorylation regulating the interaction 
with microtubule is also common in other systems (Andersen et al., 1994； Horwitz 
et aL, 1997; Ookata et aL, 1995; Richard and Kreis, 1991). 
A possible role of the phosphorylation of exuperantia protein would be in 
regulating its interaction with the putative bicoid-RN? complex. Although it has 
been postulated that exuperantia protein and bicoid mRNA colocalize in the form 
ofan RNP complex (Wang and Hazerlrigg, 1994)，biochemical evidence ofsuch a 
complex is lacking. Nonetheless, it is conceivable that the formation ofthe Qxu-bcd 
RNP complex would be essential not only for its transport via the microtubule 
network but also the proper anchoring of the complex to the anterior margin ofthe 
oocyte. In exuperantia mutants, while the initial localization ofZ>/co/c/mRNA to the 
anterior margin of the oocyte is not affected, the mRNA cannot be efficiently 
anchored and becomes diffused at the border between the nurse cells and the 
oocyte. In addition, the exu-bcd RNP complex may consist of other cellular 
components. The most likely candidate is exl, a 115 kD protein that has recently 
been shown to interact directly with bicoid mRNA (Macdonald et aL, 1995). 
Mutations at the 2X BLE that prevent binding ofexl exhibit similar defects as the 
exuperantia mutation, suggesting that exl may physically interact with exuperantia 
protein. Formation of this complex is likely to be highly regulated as exuperantia 
protein is required for one phase of bicoid mRNA localization. Whether this 
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interaction involves phosphorylation of exuperantia protein remains to be shown. 
An additional role of modification of exuperantia would be in modulating the 
assembly/disassembly of this complex. Regulation ofthe assembly/disassembly of 
the RNP complexes by phosphorylation have been shown in other systems (Walker 
et al., 1996). hi addition of the transport of bicoid mRNA to the oocyte, formation 
ofthe exu-exl-bcd RNP complex may also serve other functions. As bicoidmRNA 
is not translated until after fertilization, the RNP complex may contain masking 
repressor proteins that bind to the mRNA. hi Xenopus, the stored mRNA is 
stabilized and prevented from being translated in oocytes by the binding ofoocyte-
specific proteins to form messenger RNP particles, toeraction of these masking 
proteins with mRNA is regulated by phosphorylation of those polypeptides that 
bind directly to the polyadenylated mRNA and that stage-specific phosphorylation 
of these proteins were also observed. Based on the above evidence, it is deduced 
that exuperantia protein localized not well in exu^^ might be due to the amino acid 
substitution rendered the recognition of minus-end directed motors on microtubules 
and caused exuperantia protein did not anchored well with ribonucleoprotein 
particles (RNP) including bicoidmKNA, transported together on microtubules. 
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Appendix A 
1. SDS-PAGE setup 
Part I Polyacrylamide gel preparation 
The Polyacrylamide gel unit of thickness 0.8 mm was assembled and sealed 
with taps at the bottom in order to prevent leaking. A 10 % gel mix was prepared 
according to Table A1. A gel plug was made by mixing 2 ml ofthe 10 % gel mix 
with 16.5 ^1 20 % ammonium persulphate and 6.5 i^l n,n,n,n-tetramephyl ephylene 
diamine (TEMED). The gel mix was thoroughly mixed and pipetted into the gel set 
slowly. The gel plug was quickly polymerized and set within 10 minutes. The rest 
of 10 % gel mix was added with 33.5 i^l 20 % ammonium persulphate and 13.5 i^l 
TEMED, mixed well and pipetted into the gel set. A thin layer of water was 
overlaid on the gel to avoid direct contact with air. The gel was allowed to 
polymerize ovemight. 
A stacking gel mix was made according to Table A2. The stacking gel mix 
was mixed with 35 ^ 1 20 % ammonium persulphate and 15 |il TEMED and pipetted 
into the gel set. A comb with thickness 0.8 mm was inserted and the gel was 
polymerized for 30 minutes. 
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Part !!Electrophoresis 
Protein sample were loaded into each wells by Hamilton syringe and equal 
amounts of IX SDS sample buffer were loaded into the empty wells. 
Electrophoresis was run under a constant current of25 mA for about 4.5 hours. 
Radioactive samples were analyzed by 10 % SDS-PAGE with thickness 1.6 
mm. All volume of separating gel plug, separating and stacking gel mix, and 
catalysts were double. Electrophoresis was run under a constant current of 50 mA 
for about 4.5 hours. 
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Table A l Composition ofseparating gel 
5% 8% 10% 12.5 % 15% 20% 
TriS-HCl, 1 .5M(pH~4.99 ml~4.99 ml~~4.99 ml 4.99 ml~4.99 ml~~4.99 ml 
8.8) 
Acrylamide, 30 % 3.34 ml 5.34 ml 6.67 ml 8.34 ml 10.00 ml 13.34 ml 
SDS, 20 % 0.10 ml 0.10 ml 0.10 ml 0.10 ml 0.10 ml 0.10 ml 
water, double- 11.57 ml 9.57 ml 8.24 ml 6.57 ml 4.91 ml 1.57 ml 
distilled 
Table A2 Composition of stacking geI 
一 5% 
Tris-HCl, 0.5 M (pH i J ^ 
6.8) 
Acrylamide, 30 % 1.7 ml 
SDS, 20 % 0.1ml 
water, double- 5.7 ml 
distilled 
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2. Western blot analysis 
The gel together with a same sized nitrocellulose paper (Schleicher & 
Schudl) prewetted with water, were soaked in transfer buffer (2.91 g Tris, 1.47 g 
glycine, 1.9 ml 10 % SDS, 100 ml methanol, make up to 500 ml with double 
distilled water) for 30 to 45 minutes. The gel and the nitrocellulose were 
sandwiched in same sized Whatman 3MM paper, that have been prewetted with 
transfer buffer. This sandwich was placed on a semi-dry blot apparatus and excess 
buffer was removed. The protein in the SDS gel were transferred electrophoretically 
under a constant voltage of l5 V for 1 hour. 
At the end of transfer, the nitrocellulose blot was briefly washed in double 
distilled water and TTBS(10 mM Tris-HCl, pH 7.5，0.9 % NaCl, 0.05% Tween 20)， 
then blocked in 5 % (w/v) skimmed milk in TTBS for 1 hour at room temperature. 
After blocking, the skimmed milk solution was replaced by a primary rabbit anti_ 
exu antibody with dilution of 1 : 1000 in TTBS with 1 % bovine serum albumin 
(BSA). After an overnight incubation at 4 °C, the blot was washed three times for 
15 minutes by TTBS. The blot was incubated with an goat alkaline phosphatase 
conjugated-goat anti-rabbit antibody, with a dilution of 1 : 5000 in TTBS with 1 % 
BSA，for 2 hours at room temperature. The blot was washed again three times for 
10 minutes each and then developed with nitro blue tetrazolium, fNBT) (0.033 % 
w/v) and 5-bromo-4-cholo-3-indolyl phosphate disodium (BCIP) (0.017 % w/v) in 
AP buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2). The reaction 
was stopped by rinsing the blot with water several times. 
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2. Two dimensional gel set up 
Preparation of first dimensional tube gel 
One end of the casting tube was sealed by several layers of parafilm. The 
casting tube was filled with capillary gel tubes, so that the blue stripped ends ofthe 
gel tubes were at the open end of the casting tube. The capillary gel tubes must be 
kept vertical. This was best achieved by filling the casting tube full with capillary 
gel tubes. A tube rack was prepared to maintain the casting tube in a vertical 
position. The casting tube would also stand on a benchtop without any support, 
although it is much less stable. In any case, the casting tube must be kept vertical 
and level to obtain reproducible tube gels. 
After adding the catalysts, ammonium persulfate and TEMED, filled a 
syringe with monomer solution (9.17 M urea, 4 % acrylamide with 28.38 % 
acrylamide and 1.62 % bis, 2 % NP-40, 1 % ampholine, pH 3-10 and 1 % 
ampholine, pH 8-10.5), and attach a needle. The needle was inserted into the 
casting tube, so that the point was below the top of the capillary gel tube. The 
monomer was delivered and then the gel tubes filled from the bottom. Although 
some bubbles would remain, most of these would be between the tubes, rather than 
in them, hi order to remove trapped bubbles tapped the casting tube and fixed the 
casting tube in the vertical position by placing it in the tube rack. After 
polymerization, the parafilm was removed slowly from the bottom of the casting 
tube，and pushed the batch of capillary tube out of casting tube from the top. If a 
tube contained any bubbles at all it must be discarded, because the bubble broke the 
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electric circuit, and electrofocusing would not occur. The blue stripped end of the 
tubes were attached to the sample reservoirs with the flexible tubing connectors and 
the bottoms of the tubes were rinsed with lower buffer. 
A gel tube with reservoir was inserted into each of 16 positions in the tube 
adaptor. If less that 16 sample were run, a gel tube with a stopper were inserted 
instead ofreservoir. Each sample reservoir was filled with thoroughly upper buffer 
chamber electrolyte. The lower tank was filled with electrolyte, 0.01M H3PO4. The 
maximum level in the lower buffer chamber should be enough to bring it about 
even with the blue line of the glass gel tubes. Ifthe buffer level was higher that the 
blue lines on the gel tubes, an electrode short might be created, which would 
prevent electrofocusing and might damage the equipment. Bubbles under the 
bottom ofeach tube should be removed using a Pasteur pipette with a curved tip. 
First dimensional gel electrophoresis 
The sample was loaded slowly by delivering it at the base of sample 
reservoir near the wall of capillary opening. After that sample overlay buffer (8 M 
urea and 1 % ampholines (0.8 % pH 8-10.5 and 0.2 % pH 3-10.5) was overlaid, did 
not disturb the sample while filling the upper chamber with electrode solution, 0.02 
M NaOH. The upper buffer chamber of the tube adaptor module was filled. The 
buffer level in the upper buffer chamber should be just slightly above the sample 
reservoirs but below the top of the plastic bar under which the platinum electrode 
was mounted. If the upper buffer level was too high, there might be an electrode 
140 
short created between the plug connector for the lower chamber and the liquid in 
the upper chamber. 
After the first dimension run was complete, the tube gel module was 
removed and the tubes were separated from the connectors and sample reservoirs. A 
syringe filled with equilibration buffer was attached to the white end ofthe tube gel 
ejector. The another colored end was loosened, inset the capillary tube into the 
colored end ofthe ejector and then tightened the colored end to secure the tube. The 
plunger was pushed hard until the gel began to move down the tube. Once the gels 
started moving, the resistance decreased rapidly. The tube gels were equilibrated in 
equilibration buffer (62.5 mM Tris-HCl, pH 6.8，2 % SDS, 5 % 2-mercaptoethanol, 
10 % glycerol and 0.0025 % bromophenol blue) and washed three times by washing 
buffer (62.5 mM Tris-HCl, pH 6.8, 2 % SDS and 10 % glycerol). After 
equilibration, the tube gel was slided between the glass plates and onto the slab gel 
on the second dimension gel (10 % SDA-PAGE) and begin the second dimension 
run. 
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Western-Star^^ Protein Chemiluminescent Protein detection with 
modifications 
The nitrocellulose was blocked in blocking buffer (blocking buffer: 0.4% I-
block，lx PBS and 0.1% Tween 20) at 4 °C for overnight. Primary anti-exu 
antibody was diluted in blocking buffer with dilution ofl:1500 and incubated with 
the nitrocellulose at room temperature for 2 hours. The nitrocellulose was washed 
by wash buffer (wash buffer: lx PBS and 0.4% Tween 20) for three times, each for 
15 minutes. The secondary anti-rabbit conjugated alkaline phosphatase was diluted 
in blocking buffer, the dilution was 1:8000. The incubation time was 2 hours at 
room temperature. The washing procedure was repeated for three times, each for 15 
minutes. After that, the nitrocellulose was washed again by assay buffer (assay 
buffer: 20 mM Tris-HCl, pH 9.8 and 1 mM MgCl2). The nitrocellulose was drained 
offthe assay buffer and placed on Saran Wrap on a flat surface. CDP-star substrate 
solution containing 1:20 Nitro-Block II was pipetted onto the nitrocellulose. Excess 
CDP-star substrate was drained off and incubated with the nitrocellulose for 5 





0.5 g ofBCEP (Sigma) was dissolved in 10 ml of 100 % dimethylformamide 
and the solution was stored at -20°C. 
DTT (1 M) 
3.09 g ofDTT (Pharmacia)was dissolved in 20 ml of 0.01 M sodium acetate 
(pH 5.2) and the solution was stored at -20°C. 
EDTA (0.5 M) 
18.61 g EDTA (BDH, disodium salt)was dissolved in 80 ml double-distilled 
water and the pH was adjusted to 8.0 with NaOH. The resulting solution was 
adjusted to 100 ml and sterilized by autoclaving. 
EGTA (100 mM) 
3.8 g of EGTA (Sigma) was dissolved in 80 ml double-distilled water and 
the pH was adjusted to 11 with NaOH. After dissolving all EGTA, the pH was 
adjusted to 8.0 and the solution at 4°C for use for one month. 
Electrode buffer (lOX) 
30.3 g ofTris base (^SB) and 142.7 g ofglycine (USB) were dissolved in 
1000 ml double-distilled water. 
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NBT 
0.5 g ofNBT (Sigma) was dissolved in 10 ml of 70 % dimethylformamide 
and the solution was stored at -20°C. 
4 % paraformaldehyde 
0.4 g of paraformaldehyde (Fluka Chemica) was dissolved in 10 ml PBS 
and the solubility was increased by addition of 10 jil 10 N NaOH and heating to 
about 60°C. The solution was neutralized with 20 |il of 5 N HC1 and after cooling 
to room temperature. 
PIPES (1.0 M) 
30.24 g of PIPES (FW 302.36) (BDH) was dissolved in 80 ml of double-
distilled water and the pH was adjusted to 6.8 with NaOH. (PIPES would gradually 
dissolved as pH increased.) The solution was adjusted to 100 ml. 
Protein kinase inhibitors 
H89 (BioMol) stock solution of 40 mM was made by dissolving in 
DMSO and stored at - 20 °C. 
Staurosporine (BioMol) stock solution of 10 mM was made by dissolving in 
DMSO and stored at - 20 °C. 
KT5926 (BioMol) stock solution of 10 mM was made by dissolving in 
DMSO and stored at - 20 °C. 
KT5823 (BioMol) stock solution of 10 mM was made by dissolving in 
DMSO and stored at - 20 °C. 
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Protease inhibitors 
aprotinin (Sigma) stock solution of 10 mgAnl was made by dissolving in 
0.01 M HEPES (pH 8.0) and stored at 4°C. 
leupeptin (Sigma) stock solution of 10 mg/ml was made by dissolving 
double-distilled water and stored at 4°C. 
pepstatin A (Sigma) stock solution of 1 mg/ml was made by dissolving in 
methanol and stored at 4°C. 
PMSF (Sigma) Stock solution of 200 mM was made by dissolving in 
ethanol and stored at 4°C. 
Transfer buffer 
2.91 g Tris base，1.47 g glycine, 1.9 ml 10 % SDS and 100 ml methanol 
were mixed and adjusted to 500 ml with double-distilled water. 
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